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ABSTRACT

A DC Zonal Electrical Distribution System (DC ZEDS) is a strong candidate for
the next generation surface combatant, DD-21. In order to equip DD-21 with DC ZEDS,
preparative research includes the design of a low-power prototype Integrated Power
System (IPS). This thesis examines the design and layout of one element of the IPS, a
500V/400V, 8kW, 20kHz dc-dc converter. The main thrust of the study is the
documentation of product construction, design, and ancillary issues. Since the converter
will be integrated into a testbed, it must be rugged, transportable, flexible, and provide
convenient interconnection and monitoring. MATLAB and dSPACE models and circuit
prototypes are implemented to validate subsystem designs and operation. Unit validation
studies are conducted to assess performance of the power-section, controls, protection,

and interfaces.
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EXECUTIVE SUMMARY

A 500Vv/400V, 8kW, 20kHz dc-dc converter has been developed in order to
support ongoing research in Integrated Power Systems (IPS) and DC Zonal Electrical
Distribution Systems (DC ZEDS). The Energy Sources Analysis Consortium (ESAC),
consisting of researchers at the Naval Postgraduate School-Monterey, Purdue University,
the University of Missouri at Rolla, the University of Wisconsin-Milwaukee, and the U.S.
Naval Academy, have teamed to develop new technologies and use Commercial-Off-The
Shelf (COTS) Technologies to support the development of prototype reduced-scale
electric power distribution and propulsion systems for the next generation surface
combatant, DD-21. The purpose of this thesis is to document the design and fabrication
of one such prototype component: the Ship Service Converter Module (SSCM).

The SSCM consists of the following sub-sections/stages: input filter section,
power section, IGBT driver board, main control stage (consisting of protection, start-up,
buffering, Pulse-Width Modulation (PWM), and control circuitry), cooling and
temperature control stage, power supply stage, and finally a user interface front panel.
The main control stage contains a user select switch that provides the user with the
following three options: (1) multi-loop control (the internal controller and PWM
circuitry are utilized) where an external potentiometer allows the user to program the
desired output voltage, (2) internal controller bypass (user inputs desired duty cycle and
utilizes the internal PWM circuitry), and (3) internal controller and PWM circuitry

bypass (user supplies external signal to gate the IGBT).

Design initiated with the selection of components for the SSCM that would meet
or exceed the parameters specified by ESAC (Pt = 8kW, switching frequency = 20kHz,
Vin = 500V/16A, Rjpag = 20Q-200Q, and Vo, = 400V/20A at duty cycle 0.8). In addition
to component selection, the electrical cabinet that houses the SSCM electronics was
manufactured to be rugged, transportable, and provide accessible interconnections for
both testing and monitoring. LED indicators were placed on the front panel to warn the

user of an SSCM fault condition (i.e. over-current time out, 21.82A, and over
xi



temperature, 70°C). Once the fault is cleared, reset pushbuttons on the front panel

accommaodate re-initiating operation.

The design equations for the dc-dc (buck) converter are well understood and were
referenced to establish initial component design values. In order to ensure that the power
section inductor maintains continuous current flow throughout the admissible load range,
changes in permeability must be considered during design. For example, inductor
permeability was found to change as much as 50% between full load (20Q) and minimum
load (200Q). Applying the design equations, input filter and power section inductances
are determined to be 0.4mH (0.357mH measured) and 1mH (0.99mH measured),
respectively. Another example of component selection is circuit capacitance.
Preliminary power section capacitance was determined by using the steady-state ripple
constraint (12.5uF) and then was refined by using SIMULINK and MATLAB. Through
simulation, it was determined that the circuit capacitance required to achieve a fast
transient response (bandwidth of =500Hz), while not introducing duty cycle chattering,
was 500uF. The input filter was designed to pass 360Hz and block 20kHz (switching
frequency). The implemented filter achieved a 3dB frequency of 450Hz.

The dc-dc converter must provide stable and dependable voltage regulation. To
achieve the aforementioned, a control circuit was designed. This project utilized a multi-
loop closed-loop control, which makes use of the measured output voltage, output
current, and inductor current to regulate the output voltage. Voltage (Vo) and current (i
and igyt) sensing circuits were designed to provide input to the control circuitry. To verify
stability (gain margin and phase margin), MATLAB code was written and Bode plots
were generated. Further, the control circuit was placed on a breadboard and interfaced
with dSPACE (hardware-in-the-loop) to prove stable operations were maintained
throughout the entire load range. The duty cycle derived from the control circuitry is fed
into the Pulse-Width Modulation (PWM) chip where the desired 20kHz switching
frequency (20.4kHz measured) signal is produced to gate the IGBT.

Xii



This project also focused on the development of detailed schematic layouts and
component part lists to assist in the fabrication of additional units at a later date by other
ESAC contributors. PSPICE, SIMULINK, and Easytrax version 2.06 software packages
were used to generate all schematics within this thesis. Component lead-time was a
major factor during construction where parts can have up to a six-month delay time.
Each sub-circuit (i.e. control, PWM, protection circuitry) is well documented and can be
easily reproduced. Furthermore, the SSCM was designed with a user select switch thus
providing the user with the option of internal or external control. The SSCM is designed
to provide fault detection. Over-current time-out is provided should the inductor current
increase beyond 21.82A while SSCM over-temperature is provided at 70°C. Front panel
BNC connections are provided to monitor input and output current, input and output
voltage, and duty cycle. Digital pictures were taken during the construction phase to
further assist ESAC Universities in SSCM fabrication.

Detailed testing of the SSCM was performed in the lab and through simulation
(SIMULINK and MATLAB). The SSCM was tested throughout the entire load range
specified by ESAC and efficiency testing was performed on the unit. A detailed
SIMULINK model was constructed to simulate the transient response of the dc-dc
converter and control algorithm. Laboratory testing revealed that SSCM operation was in
agreement with simulated results. The SSCM operated at 98.7% efficiency at full load

and 96.1% at minimum load.

This research documented the design and construction of an 8kW dc-dc converter.
The converter will be placed into a larger testbed for a small-scale Integrated Power
System (IPS) to be assembled by ESAC. This SSCM will be transported to Missouri in
order to support the fabrication of additional units. With IPS selected for DD-21, it is
vital for research to continue in this area. Possible areas for future research include: soft
switching units to increase efficiency, enhanced electrical shielding to prevent switching
noise interference, fabrication of several SSCMs at various frequencies and power levels
to compare efficiencies, and detailed use of dSPACE as a design tool. DC-DC converters

Xiii



are an integral part of any DC distribution system and the Navy must continue with

research in this area to ensure successful and reliable systems are delivered to the fleet.
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l. INTRODUCTION

A POWER DISTRIBUTION FOR NEXT GENERATION COMBATANT

In recent years with the collapse of the Soviet Union, Department of Defense
expenditures have been scaled back. It has never been more important to develop
systems that are cost effective, operationally flexible, and require fewer personnel. At the
present, ac power distribution systems are the norm on U.S. Navy ships and many
submarines; however, with the advent of new power electronic devices, research is
focusing on dc power distribution. The U.S. Navy is actively investigating the
implementation of a DC Zonal Electric Distribution System (DC ZEDS), versus a
conventional ac radial or ac zonal distribution system, as a component of an Integrated
Power System (IPS). AC zonal and DC zonal both have their advantages and
disadvantages; however, it will be shown that survivability arguments strongly support dc
distribution for the next generation warship.

Researchers at the U.S. Naval Postgraduate School-Monterey, Purdue University,
the University of Missouri at Rolla, the University of Wisconsin-Milwaukee, and the U.S.
Naval Academy have teamed to develop new technologies and use commercial-off-the
shelf technologies (COTYS) to support the development of prototype reduced-scale electric
power distribution and propulsion systems for the next generation warship and submarine
[1], [12]. The goal of this thesis is to document the design and fabrication of one such

prototype component: the Ship Service Converter Module (SSCM).

B. ZONAL VERSUS RADIAL DISTRIBUTION

Many of today's naval combatants employ radial distribution. In this
arrangement, typically three or four prime movers (gas turbine, steam turbine or diesel
engine) drive generators that are connected to various switchboards co-located in the
main machinery space. From the switchboards, 450V, 60Hz, three-phase ac is distributed

to a number of load centers. The load centers in turn provide power to vital and nonvital



loads comprising ship service. Throughout the ship, transformers step 450V down to

115V for subsequent use at various ship service outlets. Obvious disadvantages of the

radial distribution architecture include:

suboptimal cable runs to supply alternate power to vital loads,
weight addition from cable runs, switch gear, and transformers,
a multitude of bulkhead penetrations implying that watertight integrity and

survivability are jeopardized.

Zonal distribution employs a port and starboard main bus, and sections the ship

into several electrical zones that are designed within watertight bulkheads. This design

has the architectural advantage of accommaodating cable installation in zones as the ship
is constructed as illustrated in Figure (1-1) [2]. One of the main busses is located above

the waterline, while the other main bus is below the waterline. This placement strategy

maximizes the physical distance between busses and ensures maximum survivability

during battle damage or collision [1].

ZONAL Electrical Distribution Systems

Bus

o Bus Duct

\ Load Center
Transfer
—»

Starboard
Load Center

— PreOutfit
\\\\, ; via
Priority Routing

\NE

Bridge
Construction

Breaks
Temporary
F’: Test Power

Enables MODULAR<Construction & Testing

Figure 1-1, Modular Construction (From Ref. [2]).




In DC ZEDS, the port and starboard busses connect into a zone via load centers
(dc-dc converters). The main bus dc voltage is stepped down within the zone and
subsequently converted to three-phase ac or a lower level dc by additional converters
within each zone. Vital loads, such as combat systems and navigation, are connected to
both port and starboard load centers via an automatic bus transfer system (ABT). In one
approach, if one bus were to fail, the remaining bus will supply continuous power to the
load via an auctioneering process termed diode steering. Several advantages of ZEDS
include:

* weight savings from reduced cabling as listed in Table (1-1) and Reference

[1],
» no radically new converter architectures are required (though converter power
density and reliability remain research issues),

* improved producibilty,

* reduced fire loading,

» only the main bus passes through watertight boundaries,

* modular ship fabrication,

» convenient installation and testing of electrical cable as zones are built.

Figure (1-2) illustrates the comparison between radial and zonal distribution [2] and

Table (1-1) lists estimated weight savings [3,4]. With the removal of weight as indicated
in Table (1-1), additional fuel, weapon, and cargo space will be available and further
freedom in the design stage is achieved. Furthermore, in dc distribution, generator
frequency is decoupled from the distribution requirements. This advantage will allow the
prime mover/generator to be operated at its most efficient speed, resulting in fuel savings
and lowering operational cost [4].
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Apparatus Removal Install Net Change
(LT) (LT) (LT)
Foundations 3.3 4.3 +1.0
Power Cables 116.7 79.8 -36.9
Switchgear 20.8 20.0 -0.8
Total 140.8 104.1 -36.7

Table 1-1. Zonal vs Conventional Architecture Weight Comparison (From Ref. [3]).

C. MAJOR COMPONENTS OF DC ZEDS

The major components involved in the DC ZEDS are outlined in Reference [1] and

illustrated in Figure (1-3). Further component investigation is presented in later chapters.
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Figure 1-3, Portion of a Representative DC Zonal Architecture and IPS
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From Figure (1-3), a prime mover powers an ac generator. The generator output is
immediately rectified by Power Conversion Module four (PCM-4), one located on each
bus, and routed to the port and starboard busses. Many options exist for this type of
generator and several are listed in Reference [1].

From the port and starboard bus, high-voltage dc is routed through a Ship Service
Converter Module (SSCM) labeled PCM-1 in Figure (1-3). Illustrated in Figure (1-4), is
an SSCM in the form of a hard-switched dc-dc buck chopper that steps down the dc bus
voltage and offers input buffering between the main bus and the loads within a zone.
SSCMs must be capable of parallel operation, which will provide redundancy and satisfy
anticipated zonal power requirements. PCM-1 may also supply additional dc-dc
converters to achieve dc voltage levels appropriate for loads such as combat systems.

The SSCM is the major component investigated in this thesis.
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The Ship Service Inverter Module (SSIM), labeled PCM-2 in Figure (1-3), supplies
ac power. SSIMs convert the regulated output voltage from the SSCMs to low-distortion
three-phase ac to drive different loads within a zone. SSIMs can be operated in parallel
to offer redundancy and achieve power requirements within the zone.

The SSCMs and SSIMs are multi-functional components that implement current

limiting, fault isolation, power conversion, regulation, and condition monitoring.

D. DC ZEDS RESEARCH CONDUCTED AT NPS

The Naval Postgraduate School has been actively involved in research for the next
generation surface combatant. Several past theses have investigated issues relating to the
DC Zonal Electrical Distribution System. The following is a short description of past
theses. A more detailed list is contained in References [4] and [5].

» Constant power characteristics of DC ZEDS were investigated with reduced-
order PSPICE dc-dc converter models. From these PSPICE models,
observations were made concerning stability and controllability [6].

» ACSL models of a dc-dc converter and a three-phase inverter were developed.
Closed-loop algorithms for buck choppers were investigated, and hardware-
in-the-loop studies were conducted using a dSPACE card in order to validate

computer models [7].



» The one-cycle control algorithm for a buck chopper was considered and
implemented. Comparisons were made between the hardware and computer
representation [8].

» Design and fabrication of several buck chopper power sections were
documented [9].

» A voltage-mode buck controller was designed, along with the required gating
circuitry. The associated analog hardware was built and documented [10].

» Frequency-based load sharing in current-mode controlled buck choppers was
investigated and an ACSL model developed. In addition, an RMS frequency
estimation circuit was designed and constructed in order to estimate the

current from individual converters operating in parallel [11].

E. THESIS GOALS

The purpose of this thesis research is to thoroughly document the design and
development of a Ship Service Converter Module (SSCM) for a reduced-scale prototype
Integrated Power System (IPS). The Energy Sources Analysis Consortium (ESAC),
consisting of Purdue University, the Naval Postgraduate School-Monterey, the U.S.
Naval Academy, the University of Missouri-Rolla, and the University of Wisconsin-
Milwaukee, have teamed to develop technologies which will support the electric power
distribution and propulsion systems for the next generation of naval ships and
submarines. Each institution has design responsibilities. Motivated by the proposal
authored by personnel at Purdue University [12], the Naval Postgraduate School has
designed, fabricated and validated a dc-dc converter using components described in
Chapters Il through 1V. Easytrax, PSPICE, dSPACE, and MATLAB software were
utilized throughout the design process. The reduced-scale SSCM will be inserted into a
larger testbed as illustrated in Figure (1-5). The testbed is designed and configured to
expedite the study of interconnection dynamics, stabilization algorithms, and input filter
design. To achieve reliable performance in the testbed, the SSCM must be rugged,

transportable, flexible, and provide convenient interconnection and monitoring capability.

7
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Figure 1-5, Proposed DC ZEDS Testbed (After Ref. [12]).

The work reported in this thesis provides detailed fabrication and design
instructions to facilitate developing additional units and incorporating any required
design modifications. This study directly supports ongoing research in the area of IPS for
DD-21.

F. CHAPTER OVERVIEW

Chapter Il covers the basic converter and testbed specifications. Chapter Il
focuses on the main component selection process for the dc-dc converter. Detailed steps
for inductor design/selection are offered as well as guidelines for capacitor, Insulated
Gate Bipolar Transistor (IGBT), and current sensor component selection. Chapter IlI
concludes with a discussion of the pulse width modulation hardware. In Chapter IV, the
control circuitry is investigated. Control board design from mathematical theory to
hardware implementation is discussed. Additionally, the commercially-available IGBT

driver board is explained and a test circuit is illustrated. Finally, Chapter IV contains a
8



description of the voltage and current sensing circuits. Chapter V documents and
illustrates the overall SSCM layout where each section is broken down by circuit function
(i.e. protection circuitry, PWM circuitry). Chapter VI includes a discussion of the testing
and validation studies performed. Chapter VII contains concluding remarks and
recommendations for future studies. Issues/recommendations are offered throughout the
thesis where applicable.
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II. CONVERTER AND TESTBED SPECIFICATIONS

A PURPOSE

As indicated in Chapter I, the goals of this thesis are to document the design,
fabrication, and testing of a reduced-scale SSCM. The design must be rugged, flexible,
transportable, and provide convenient connections for use in a larger testbed. This
chapter will outline the specification requirements for the project, specify the general
equations utilized in the design of a dc-dc converter, and provide an overview of the
major assemblies required in this design.

B. SPECIFICATIONS
Table (2-1) lists the required specifications met in this design. Note, throughout

this thesis the converter output voltage will be referred to as V. or Vo, while the voltage

applied to the input filter will be designated by Vi, or E (see Figure (2-1)).

Parameter Buck Chopper
Rated Continuous Output Power 8kW
Switching Frequency 20kHz
Input (maximum) Vin=E =500Vpc
lin=16A
Output (maximum) V¢ = Vout = 400Vpc
lout = 20A
Range for Continuous Inductor Current | >10% Load (R_ < 200Q) at D > 0.8
Output Voltage Ripple < 1% at Full Load

Table 2-1, Buck Converter Specifications.
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1. Power Section

Figure (2-1) illustrates the basic elements of the selected power section for the dc-
dc converter. From Reference [13], it can be shown that this dc-dc converter acts as a dc
step-down (buck) transformer. The steady-state output voltage, V., is directly related to

the nominal switch duty cycle (D) and, for an ideal converter, is given by Equation (2-1).

V.=DE (2-1)

To meet the input/output voltage specifications listed in Table (2-1), the nominal duty
cycle must equal 0.8. Furthermore, components listed in Table (2-2) were selected with
relevant data sheets contained in Appendix A. Analysis of each component is presented

in detail in Chapter IlI.

Lfilter Lbuck
YYD . YTV TV .
J % J
IGBT
E= 500V Cfilter tﬁ D1 th Cbhuck RLoad
Vout=400V
INPUT FILTER SECTION POWER SECTION

Figure 2-1, Buck Chopper Input Filter and Power Section.
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Component

Manufacture/Part Number/Value

Input Filter Inductor

Arnold Cores (A-125112-2)
0.4 mH, hand wound, 55 turns, p = 60

Input Filter Capacitor Components

1) Mallory (CGH102T450V3L)
2-500 UF, 450Vpc

2) General Electric (Z97F8258)
1-45pF, 600V ac

3) 3-2W, 3Q resistors

Output Inductor

Arnold Cores (A-158304-2)
1.0 mH, hand wound, 57 turns, p = 147

Output Capacitor

Mallory (CGH102T450V3L)
500 WF, 450Vpc

Switch/Diode

Semikron (SKM-100GB-124D)
IGBT Power Module, 1200V/100A

Table 2-2, Component Selection.

2. Input Filter

The input filter is illustrated in Figure (2-1). The assumed input to the filter is

from a controlled six-pulse rectifier, which has a dc component of approximately 500V

and the dominant ripple component at 360Hz. Pole placement for the two-pole filter was

selected to allow 360Hz to pass while ensuring that 20kHz was blocked. The control

should be able to accommodate the low-frequency ripple of the rectifier. Chapter Il

details the design process while Equation (2-2) provides the appropriate filter cutoff

(3dB) frequency.

f ilter ~
% Zn\/LﬁlterCﬁlter

1

(2-2)




3. Critical Inductance

Several factors are involved in the selection and design of the buck converter
power section inductance (labeled Ly in Figure (2-1)). Chapter Il details the process
involved in inductor design and Appendix B contains MATLAB code used to calculate
inductance. Critical inductance is the minimum inductance required to maintain
continuous conduction and is given by Equation (2-3). In Equation (2-3), T is the
switching period (50psec), R is the critical load resistance (R¢rit=10Rateq), and D is the

nominal duty cycle (0.8).

L

crit

= g(z -D) (2-3)

4. Capacitance

Capacitor selection was based on both voltage ripple and dynamic response. To
meet the maximum one-percent steady-state ripple tolerance, Equation (2-4) from

Reference [14] was utilized.

DT
min - SAVL (V;n _Vout) (2_4)

In Equation (2-4), AV, is the peak-to-peak capacitor voltage ripple, L is the actual power
section inductance, and Vi, and V, are the nominal values. Chapter Il details the

minimum capacitance calculations and the actual findings and values utilized.

5. Switch/Diode

As stated previously, a Semikron IGBT was selected that met the switching

speeds and the voltage and current ratings required for this design. Chapter Il briefly
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discusses the IGBT and Chapter IV details the design process and equations for the
analog control board, IGBT driver board, and sensor boards. The power section diode,
D1 in Figure (2-1), is physically contained inside the IGBT package. Since the diode is
integrated in the same package, stray inductance in the circuit is minimized.

C. SSCM MONITORING AND INTERCONNECTIONS
Providing the ability to monitor key circuit parameters in any system is vital to the

user. As illustrated in Figure (2-2), the front panel of the SSCM was designed to provide

continuous system monitoring and testing capability. All British Naval Connector (BNC)

FRONT PANEL
Vout lout Reset Push Buttons
115V Power
Q Q Q Q Q é Over Temp  Over Current Time Out
BNC Connections Switch

Voltage Potentiometer

Vin Meter Vout Meter
Driver Error Power on Over Temp Over Current
YELLOW GREEN RED RED
LED LED LED LED

Figure 2-2, SSCM Front Panel.

connections are accessible and easily replaced. The BNC connections displayed in
Figure (2-2) are connected via cables to easily accessible BNC connections located on
top of the main SSCM circuit board. Digital meters were provided to give precise

readouts of input and output voltage. Light Emitting Diodes (LEDs) are mounted on the
15




front panel to warn the user of a fault and to display SSCM power status. Fault LEDs
and associated protection circuitry are discussed in Chapter V.

To provide control option flexibility, the SSCM contains a user select switch
(SW1) located on the main circuit board. The switch is illustrated in Figure (2-3) along
with a description of switch functional positions. To interpret the table in Figure (2-3),
the following is offered. If the user desires to use the SSCM internal control and PWM
circuitry, SW1 toggles 1 and 2 are placed in the "on" position while 3 and 4 are down or
"off" (the down position has no label). If the user desires to provide an external duty
cycle to the PWM circuit and bypass the internal control circuitry, then the desired duty
cycle is input into the front panel BNC at d(t) and SW1 toggles 2 and 3 are placed "on"
while SW1 toggles 1 and 4 are "off". Finally, if only an external duty cycle is desired (by
pass both the internal controller and PWM circuit), SW1 toggle 4 is set in the "on"
position and all other remaining toggles are "off." The SSCM was shipped in the test
mode, which indicates that the SSCM is utilizing the internal integral controller and
PWM circuit (1 and 2 "on"). Figure (2-3) is for illustrative purposes only, switch

interface and a detailed schematic are offered in Chapter V.

User Select Switch

SWA1
Ny
ON Table for switch (SW1)
O_/ E ) SWi1- POSITION |FUNCTION
A 1B 4 ON Connects Front Panel directly to IGBT Driver 0-15V
O_/ ( ) 3 ON Connects Front Panel to PWM input 0-10V d(t)
2A 2B
2 ON NOTE: Close together, uses external duty cycle signal
_O 2 ON Test Mode Integral Contoller
3A 3B
1 ON NOTE: Close together, uses SSCM controller and PWM chip
4A 4B :

Figure 2-3, User Select Switch.
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D. SYSTEM COOLING AND PROTECTION

1. System Cooling

SSCM cooling was achieved by the use of two 115Vac/60Hz (4-5/8") Globe
Motors fans (part# A47-B15A-15T3-000). One fan was mounted directly onto the rear
panel and forced air into the SSCM at approximately 100 CFM while the second fan was
mounted directly to the heat sink to force the air across the fins of the heat sink and back
out the rear panel of the SSCM. Figure (2-4) illustrates fan placement on the rear panel
while Figure (2-5) illustrates the rear and side view of the IGBT placement. Placing the
IGBT on the side of the heat sink allowed heat generated from the IGBT to transfer down
the fins of the heat sink. These fins are in the path of the fan thus allowing heat to be

immediately removed from the enclosure.

BACK PANEL

Rear View

Input Fan

T5VAC

| I | T15YACI3A

Output Fan @

Fuse

600V/30A

500 Volt 110

Figure 2-4, SSCM Back Panel.
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Heat Sink Side Wiew

Heat Sink Rear Wiew

IGBT -
% Cutput Fan an IGET

Figure 2-5, Heat Sink Layout.

2. Protection Circuitry

The protection circuit is discussed in detail in Chapter V. From Figure (2-2), the
SSCM provides indication of over-current and over-temperature by the use of two red
LEDs. Reset buttons are located on the front panel should the aforementioned faults
occur. Currently, "driver board error”, caused either by an IGBT short circuit or a supply
under-voltage condition (<=11V), is indicated by converter lockout (driver board no
longer gates the IGBT). If this happens, all power must be removed from the converter
and control power cycled off-on to reset the driver board. A yellow LED (not connected)
was placed in the front panel (see Figure (2-2)) if future hardware monitoring of the
"driver board error" is desired. Currently, there is no LED indication for "driver board

error."
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E. DC ZEDS TESTBED

As outlined in Reference [12], the objective of ESAC will be to construct a
laboratory-scale DC ZEDS distribution system. It is anticipated that a three-zone system
will be constructed. The rating for the entire system will be on the order of 15kW. This
system will be used to

* Provide a testbed for research in control and automation tools developed by
ESAC,

» Provide a testbed for research in CAD Tools developed by ESAC,

» Serve as a baseline for comparison to the full-scale advanced development
system,

» Serve as a basis for future support of the LBES (Land Base Engineering Site)
test site (it would allow experiments and studies, which do not risk hardware,
to be performed at lower power levels prior to testing at LBES) or to
demonstrate new controls concepts before retrofits to LBES,

» Serve as a resource to the academic and industrial community in general by
providing a thoroughly documented system on which to demonstrate controls
and CAD tools developed by other researchers.

As stated in Reference [12], the system will be carefully documented and the
documentation will be placed on the web so that it will also be a resource to researchers
not directly involved in this project. Deliverables will include the hardware
demonstration and a web-based report with studies, which will be made available to the
entire engineering community. The schedule for this task is as follows: months 1-8
encompass component construction, months 9-15 entail system integration and studies,
months 16-18 are reserved for reporting. The periods mentioned begin January 2001.

As stated in Chapter I, NPS is responsible for the SSCM. The bulleted list above
pertains to the entire ESAC. The chapters and appendices that follow comprehensively

document the SSCM design process.
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F. SUMMARY

This chapter provided an overview of the general design equations, physical
cabinet appearance, and a brief discussion of system cooling and protection.
Furthermore, the ESAC outline for all schools involved was restated from Reference

[12]. Chapter Il details the component selection process for the SSCM designed at NPS.
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I11l. COMPONENT SELECTION

A PURPOSE

The purpose of this chapter is to document the design process and component

selection for the buck converter (SSCM).

B. COMPONENT SELECTION

Basic converter specifications, Table (2-1), were developed based on ESAC's
project needs, component cost, and practicality of fabrication. The following subsections
provide the design details for the main inductor, output capacitor, input filter, current
sensors, pulse-width-modulation circuitry, and IGBT.

1. Power Section Inductor Design

Design for the buck chopper inductor was carried out in accordance with

Reference [14]. Table (3-1) defines the terms utilized in inductor design.
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Parameter Definition Units of Measure

Bmax Maximum Flux Density Gauss
Erms Equivalent Sinusoidal rms
Voltage Volts
A Effective Cross Sectional
Area of Magnetic Path cm?
N Number of Turns Dimensionless
F Frequency Hertz
H Magnetizing Force Oersteds
I Peak Current Amperes

Effective Magnetic Path

(1]

Length cm
L1000 Inductance Factor milli-Henries
M Permeability Henries/inch
B Flux Density Gauss
Ht Core Height Inches
He Effective Height Before

Finish Inches
L Measured Inductance Henries
Q Quality Factor Dimensionless
() Radian Frequency 21t Rad/sec

Table 3-1, Inductor Component Design.

The buck chopper inductor was sized to maintain continuous inductor current
over a load range of 10% to 100% rated. The most limiting condition for continuous
inductor current occurs at minimum load. To maintain continuous operation, the inductor
must be wound to meet or exceed the critical inductance for the circuit. Reference [15]
defines critical inductance, with the result given by Equation (3-1) where T is the
switching period, R is the resistance at minimum load, and D is the nominal switch duty
cycle.
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L :%(]-D) (3-1)

crit

By design, the switching frequency was chosen to be 20kHz or T=50usec. As
outlined in Reference [10], this selection of switching frequency provides the following
advantages:

» achieves the maximum switching frequency for hard-switched IGBTSs at these

power levels,

» eliminates audible switching noise of the buck chopper,

* minimizes the required inductor size,

E-V
* minimizes the inductor ripple current given by Al = C

(D7),

* maximizes the allowable closed-loop control bandwidth.
Analyzing Equation (3-1), two of the input parameters are set, T and R. D is determined

using Equation (3-2) and is given by

D:& :M =0.8 (3-2)
E 500V

Load resistance ranges from 20Q (100%) to 200Q (10%). For R=200Q, L¢i=1mH. An
inductance of 1mH was selected to satisfy the continuous current requirement while
minimizing the inductor size.

Following a full development in Reference [14], core sizes for the input filter (to
be discussed in a later section) and buck chopper were determined to be 60 and 147,
respectively, as listed in Table (2-2). The following discussion details the design process
utilized for the power section inductor (similar steps apply for the input filter inductor
design).

As indicated in Table (2-1), up to an average of 20A of current will flow through
the main inductor. With this in mind, Table (3-2) was referenced to determine that 12-

gauge wire would meet the current specification.
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AWG | Feet/Ohm | Ohms/100ft | Ampacity | mm? | Meters/Ohm | Ohms/100M
10 490.2 204 30 2.588 | 149.5 .669
12 308.7 324 20 2.053 | 941 1.06
14 193.8 516 15 1.628 | 59.1 1.69
16 122.3 .818 10 1.291 | 37.3 2.68
18 76.8 1.30 ) 1.024 | 23.4 4.27

Table 3-2, Copper Wire Resistance Table (After Ref. [16]).

Next, based on the fact that the inductance was determined to be ImH and | =

20A, the calculation of the product LI? (energy) yields 0.4 Joules. Figure (3-1) from

Reference [17] was consulted to determine a required core weight. Entering Figure (3-1)

horizontally at LI? = 0.4, the line is intersected at a required core weight of approximately

(=) 2.6 lbs. Returning to Reference [14], the 5.218-inch core met specifications.

Core Weight in Pounds
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Figure 3-1, Core Weight (From Ref. [17]).
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The number of turns for the inductor (N) was calculated using Equation (3-3) and

Reference [14].
N =1000 |2 (3-3)
L]()()()

With L = 1ImH and Lop0 = 304mH, listed in Reference [14], N was approximately equal
to 57 turns.

The magnetizing force (H) was then computed using Equation (3-4).

_0.41NI
/

e

H

(3-4)

Employing the effective magnetic path dimension (33.12cm) listed in Figure (3-2), H was
calculated to be 43.25 Oersteds. Note, Figure (3-2) is for a 125 inductor; however, the

information illustrated here is the same as that for the 147 inductor.

Dimensions
Qutside Diameter ~ Inside Diameter ~ Height
CORNERS:
0.125 Approx Before Coating 5.2181n 309 n 0.800 in
Radius (Typical) Nominal 13254 mm 7858 mm 2032 mm
After Coating 5274 in Max, 3033 inMin. 0855in Max,
(Blue Epoxy)  133.96 mm Max. 1704 mmMin.— 21.72 mm Max.
Physical Specifications
Effactive Cross Minimum Approximate Approximate Mean

Sectional Area of  Effective Magnetic ~ Effective Core ~ Window Weight of Length of Turn for Full
Magnetic Path, A, Path Length, |, Volume, V, Area Finished 1254 MPP Winding (Half of |.D.

(Reference) (Reference) (Reference)  (Reference) Cora Remaining)

08288 in’ 12,767 in 1058 in* 12251 319 bs 3970

5347 e 32m M3400m 46612 cm 1450 g 10.09cm
4,199,089 cmil

Figure 3-2, Core Dimensions 5.218 Inch (From Ref. [14]).
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Continuing, Bmax Was determined using Equation (3-5) from Reference [14] where
N =57, A, = 5.3471cm?, f = 20kHz.

B E}"mS X] 08 (3 5)
max ‘JEnA%%f

Equation (3-5) is valid for sinusoidal voltages. With a nominal duty cycle of 0.8 and
500V input voltage, the steady-state ideal inductor voltage is as given in Figure (3-3) plot
(A): at 100V for 80% of the switching period, at -400V for 20% of the switching period.

Square Wave (A)

100
O
-400W
—— o2 &——
Sine Wave (B)
Epeak
[NE"S

Figure 3-3, lllustrations of Waveforms for Equations (3-5) and (3-7).

26



From Figure (3-3) plot (A), the area above the 0V-Reference line must be equal to the
area below the OV-Reference. This is a necessary condition for the circuit to be in the
steady state. With this in mind, the following must be true: Ep. D = E,.(1-D) where E,. is
the positive peak (+100V) and E,. is the negative peak (-400V). The same can be said
about plot (B) of Figure (3-3): the area above 0V must equal the area below 0V. As a

result, Equation (3-6) can be derived.

\/EEI"WZS —

— peakD (3-6)
The left hand side of Equation (3-6) applies to plot (B) while the right hand side of
Equation (3-6) applies to plot (A). The first term on the left hand side of Equation (3-6)
is the area of one-half cycle of a sine wave and the first term on the right hand side is the
area of a rectangle, the units are in agreement and Equation (3-6) is valid. Therefore,
based on the anticipated quasi-rectangular voltage waveform, Equation (3-5) will take the
form of Equation (3-7).

8
5 =Epeak><]0 xD 3-7)
max 2NAef

In Equation (3-7), f is the switching frequency in Hz and D is the nominal duty cycle.
Substituting all values into Equation (3-7) with D = 0.8 and Epeax = 100V yields Byax =
657.07 Gauss. It should be noted that the same result can be reached by setting D = 0.2
and Epeax = 400V

Permeability (), for the core was determined using Equation (3-8) where (l¢) and
(A¢) were defined in Table (3-1) and given in Reference [14] and L is in nano-henries
(1x10°nH).
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P (3-8)
- b _
414N

Substituting all values into Equation (3-8), a permeability of approximately 152 was
determined. The closest u commercially available from Arnold Cores was 147;
therefore, this core was utilized for this project.

Finally, consulting Figure (3-4) with the horizontal argument of 43.25 Oersteds
(from Equation (3-4)), the 147p line is intersected at approximately 4700 gauss. From
the graph, the inductor remains within the linear range of 4700 gauss plus or minus
657.07 gauss (determined from Equation (3-7)). As determined from the graph in Figure
(3-4), it is evident that the 147 curve remains in the linear region and saturation does not
occur. The inductors were wound in the lab and measured using available lab equipment
(Sencore model LC53 "Z meter"” capacitor-inductor Analyzer). The 147u/57turn/ImH

inductor possessed a measured inductance of 0.99mH (at zero current).

10000
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| I |

350 PERM.
| 300 PERM.
= ——rr—rasorrpaﬁaﬁ: < \i\f
| | 205 PERRBA..
1173 PERM.
) PERM.

Tooo

65000

SO

5000

PERM.

4000

FLUX DENSITY — GAUSSES

3000

2000

1000

4.5 5_310 20 30 40 50 60 80 100
MAGNETIZING FORCE — OERSTEDS

Figure 3-4, B-H Curves (From Ref. [14]).
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Reference [14] utilizes the CGS system. If it is desired to use the Sl system,

Table (3-3) from Reference [14] can be entered to convert between the two systems.

Quantity To Convert Multiply
From To By
Magnetic Flux Gauss (CGS) Teslas (SI) 10™
Density (B)
Magnetizing Force Oersteds (CGS) Amperes per Meter 1000/(4m)
(H) (Sh)

Table 3-3, Conversion Table (From Ref. [14]).

To determine the change in permeability versus dc bias, Figure (3-5) is entered

along the horizontal axis using the magnetizing force determined from Equation (3-4).

As is illustrated for the 147 inductor at 43.25 Oersteds, the percent change in

permeability can be as high as = 50%. Such a change can significantly affect filter

calculations where a decrease in permeability causes the inductance to decrease that in

turn causes the cutoff frequency of the filter to increase. Appendix A contains the spec

sheets for the inductor and Appendix B contains a MATLAB script file for inductance

calculation.
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100

40

a0

50

10

30

20

0

ii]
=] 100

R S—— e e . .
BRSNS N R ST ™ e ]
e NN ~
RN EEN RN J ™~ N
B NANENEAN N N, N
NANANERANEA N NAN AN N |
NP NN N\ ET N N
NN XN RxXAL AN N
NN NS ol 3\ N
20508 NN NN \ Y.
RVANRNER SERANN W53 N N
FETZAND NN AN N AN B I TS
ANAVEANVANANY N\
300u AN RN AN "
NCRINA RN, N
3504 AN N RIS "
\‘\ \\"\.\\\\\\\
\\:: SORE Y
b [ T
i et 0
1 2 3 4 5 6 7 & 910 20 k] 40 60 a0 100 200

D.C. Magnetizing Force (Qersteds)

Figure 3-5, Percent Change in Permeability (From Ref. [14]).

To summarize the inductor design steps, the following is offered:

determine duty cycle (D) from Equation (3-2),

determine critical inductance (L) from Equation (3-1),

determine current (1), choose correct wire size from Table (3-2),

calculate energy required (LI?), enter graph and choose core weight from
Figure (3-1),

based on weight, select core from inductor catalog specification sheets
Reference [14],

calculate number of turns required (N) from Equation (3-3) and Reference
[14],

calculate magnetizing force (H) based on specs from specification sheet
Reference [14] and Equation (3-4),

calculate Brax based on data from specification sheet Reference [14] and
Equations (3-4 through 3-7),

calculate permeability (1) from Equation (3-8) and Reference [14],

enter B-H graphs in Reference [14] and Figure (3-4) and determine if inductor

chosen is within the linear region,
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» finally, determine percent change in permeability from Figure (3-5) and
Reference [14].
Once the input filter frequency has been determined (Lsiier and Crirer), the same

steps listed above should be followed when deciding on a core for the input inductor.

2. Output Capacitor Sizing

Capacitor selection was based on parameters from Table (2-1) with buck chopper
output voltage ripple (AV,) less than 1% (4V peak-to-peak). To determine the correct
capacitance, a full development from Reference [13] was utilized. From Reference [13],

the difference between the maximum and minimum inductor current, lmax-Imin, IS given

by:

= (E}JVC) x DT (3-9)

Substituting in the appropriate values, Imax-Imin = 4A. The change in charge (AQ) was
calculated using Equation (3-10) with T = 50usec, f = 20kHz:

AQ = W xT (3-10)

Substituting all values, AQ = 25uC. To find the minimum output capacitance required,
Equation (2-4) was utilized and verified by Equations (3-11) and (3-12).

c=22 (3-11)
AV
C
AV, _1°(1-D) (3.12)
v 8LC
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Substituting all values into Equations (3-11) and (3-12) and assuming full load condition
(L =50% of theoretical value), C = 12.5uF, which is the minimum capacitance required.
Note, capacitor selection is somewhat dependent on the dynamic response desired, for
example, the requirement that there is enough energy to recover during a load transient.
Equation (3-11) is only a steady-state requirement.

One must simulate the power section and control law to assess the appropriateness
of capacitance selection. Reference [4] cited that actual capacitance required could range
from 10 to 100 times Cpin. A detailed buck chopper SIMULINK model was built and
MATLAB m-files (used bessel pole locations) written to test various values of
capacitance. Simulation revealed a capacitance of =500uF was required to obtain a
reasonable transient response. The MATLAB script files and detailed SIMULINK model
are contained in Appendix B.

Figure (3-6) illustrates two simulation runs, one for C = 50uF and one for C =
500uF. In each case, the control law feedback gains were modified to achieve identical
closed-loop pole locations so that appropriate comparisons can be made (pole locations S
=-2342.06 *j2234.30, -2959.38). The control law assumed is documented in Chapter
IV. From the figure, it is apparent that C = 500uF is the more suitable choice for output
capacitance. Figure (3-6) illustrates a step-change from minimum load (200Q) to
maximum load (20Q) then a step change back to minimum load. For C = 50pF, the
output voltage transient during both step changes is greater than 30V, motivating the
choice of a larger capacitance value. For a similar load transients with C = 500uF, the
output voltage remains within +4V. Values of capacitance much larger than 500uF
introduce the possibility of large swings in the duty cycle during a transient, with the
resulting rail-to-rail signal injecting spurious noise into the system. A 500uF output
capacitance was deemed adequate in terms of transient response and duty cycle

performance.
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Figure 3-6, Output Voltage and Power Section Inductor Current Plots.
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Care must be exercised when selecting the proper capacitor. In general, the
specification sheet will list maximum ripple current and frequency response. For this
project, a capacitor with 6Ams (from spec sheet) ripple at 20kHz was selected to ensure
components were within specification guidelines. The capacitor spec sheet is included in
Appendix A.

3. Input Filter Selection

The input filter, illustrated in Figure (2-1), must allow the 360Hz ripple from the
assumed six-pulse rectifier to pass and to ensure that the switching frequency from the
main switch is blocked. Blocking the switching frequency ensures that the IGBT
switching action will not be fed back to other converters supplied by the same rectifier.

To determine filter capacitor and inductor size, the resonant peak of the filter was
chosen to be 450Hz. This resonant frequency allowed 360Hz to pass and was at least one
decade below the switching frequency of the IGBT prohibiting it from affecting the input.
Substituting into Equation (3-13) with f, = 450Hz and C = 500uF (selected for its
availability in the lab), L was determined to be 250uH.

s =—1
° omlLC

(3-13)

Referring back to Figure (3-5), the inductor permeability could change as much as fifty-
percent thus decreasing inductance as much as fifty percent. Taking the aforementioned
into account and following the same procedures listed above for the buck chopper power
section inductor, the input filter inductor was hand wound (55 turns) for 0.4mH and
measured 0.357mH in the lab using the same test equipment as previously mentioned.
Concern lied in the dc bias portion of the circuit. From specifications listed in
Table (2-1), Pout = 8kW and Vi, = E = 500V4.. Noting that for an ideal converter P;, =
Pout = Vin/R and solving for R reveals that the filter "sees" a steady-state impedance of

31.25Q (Note, a more detailed analysis is required to characterize the incremental small-
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signal input impedance). With | = E/R, 16A of dc bias is going through the inductor as
shown from the PSPICE simulation in Figure (3-7). As in the case of the power section
inductor, the permeability of the filter inductor will change with an increase in dc-bias.
Entering Equation (3-4), where N =55, | = 16A and Il = 25cm, H=44.2 Oersteds. Next,
entering Figure (3-5) it is seen that the permeability can change as much as=85%,
resulting in a worst-case f.orr =968.5Hz. The increase in the cutoff frequency is not an
issue since the 360 Hz will pass while 20kHz is blocked. The specification sheets are
contained in Appendix A and Reference [14].

Illustrated in Figure (3-7), Rf1 through Rf3 function to provide appreciable
damping at the LC resonant frequency [13]. From [13], Rf = JL/C where L = 357uH
and C = 500pF which results in Rf =0.84Q . High wattage (2W) resistors were available
in the lab; therefore, 3-3Q resistors were placed in parallel to achieve=1Q of dampening
resistance, close to the theoretical value of 0.84Q. Finally, the 45uF capacitor in Figure
(3-7) provided additional damping (found experimentally). No calculations were used to
select the 45uF capacitor, it was available in the lab and its capacitance had a minimal

impact on total capacitance in the input filter.

Lfilter
16.00AKY s o
50U 00V ety A 500.00V
Rft [Rf2 |Rf3
3 83 3
. m ; m
s0ov V1N | | | 16.00A
= 500.00V 1450 R1S3125
16.00A T Cc600Vac
Cf1 == 500uF
v

Figure 3-7, Buck Converter Input Filter.




Simulation was conducted on the circuit in Figure (3-7) using Multisim software
from Electronic Workbench. Figure (3-8) illustrates the bode plot for the ideal low-pass
filter. The cursor indicates that the response begins to roll off near = 440Hz, which was

acceptable for this design.

Bode Plotter-XBP1
A Ih-'lagn'rtude Fhaze I Zave I
— wartical — Horzontal
ILu:ng Lin I ILu:-g Lin I
F |40 46 F 2o kHz
| |40 dB [ | Hz
-0.06¥ dB
LI 430320 Hz
+ 0 In @+ - + 05 owi -

Figure 3-8, Bode Plot Input Filter.

4, Current Sensors

In Chapter 1V, the analog control board and current sensing boards are discussed
in detail and Easytrax layouts are provided in Appendix D. The feedback control law
utilizes measurements of the output current (i,) and the power section inductor current
(i). In Figure (3-9), two inputs to the control board are labeled i,/5 and i /5. (Note,
circuit labeling conventions are addressed in Chapter V). These inputs are obtained from
the CLN-50 Hall-effect current sensor from manufacturer F.W. Bell. Appendix A
contains data sheets for the CLN-50.
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Figure 3-9, Control Circuit Inputs.

The CLN-50 accurately measures dc and ac current and provides electrical
isolation between the current-carrying conductor and the output of the sensor. The
current sensor uses the Hall effect to sense the magnetic field and output a proportional
voltage. The Hall effect is defined as follows: If a conductor carrying a current (I) is
placed in a magnetic field of density (B) in a direction normal to it, then an electric field,
and therefore a potential, is set up across the width of the conductor. This is the Hall
effect, the generation of an electromotive force (e.m.f.) by the movement of electrons
through a magnetic field. The Hall e.m.f. is picked off by tappings applied to the
conductor edge for the measurement of current.

The current-carrying conductor placed through the window of the CLN-50
produces a magnetic field that is proportional to the current. The current through the coil
produces an opposing field to that provided by the current through the aperture; therefore,
flux in the core is constantly driven to zero. The coil is connected to the output of the
sensor and the output is a current proportional to the aperture current multiplied by the
number of turns of the coil. This project utilized 1000-turn coils providing 1mA of
output current for 1A of circuit current. The output current is converted to a voltage by

connecting the output current through a resistor (200Q). The resulting voltage signal out

37



of the sensor is equal to the circuit current divided by five. This signal is then fed to the
control board as discussed in Chapter IVV. A different scaling can be achieved by
adjusting the resistor value.

According to Reference [18], Hall-effect sensors provide an advantage over
traditional resistive shunt and current transformer methods in that the Hall-effect can both
measure ac and dc current and provide electrical isolation. Hall-effect sensors also offer
the following:

* low cost method of measuring larger ac and dc currents,

* high frequency range (>150kHz, not applicable to this design),

* no magnetic hysteresis or offset,

» fast response and excellent linearity,

» several sensors can be connected in parallel to the same supply.

Finally, to achieve the most accurate reading from the sensor, the wire was placed
as close as possible to the center of the aperture. Furthermore, to avoid interference from
other large current-carrying conductors in the buck converter module, sensors were

carefully located in the buck converter enclosure (location illustrated in Chapter V).

5. Pulsed Width Modulation Chip Selection (UC3637)

Figure (3-10) illustrates the Pulse Width Modulation (PWM) stage. This circuit is
comprised of the UC3637 chip by Unitrode. Data sheets are included in Appendix A and
design considerations with applicable equations are discussed in Reference [19]. The
UC3637 is available in industrial and military grades (UC2637 and UC1637,

respectively).
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Figure 3-10, Block Diagram of UC3637 (From Ref. [19]).

The UC3637 implements pulse width modulation. PWM is basically a switching

technique where the supply voltage is applied to the load and then removed. The on

times and off times are controlled as precisely as possible. The main function is to

regulate the flow of energy from a power supply to a load, under the control of an input

signal.

Figure (3-10) is a block diagram of the UC3637. Reference [19] discusses in

detail the functional operation of each sub-block and defines all abbreviations (i.e. CP,

CN). The main functions discussed in Reference [19] are:

» triangle wave generator; CP, CN, S1, SR1,
PWM comparators; CA, CB,

» output control gates; NA, NB,
» current limit; CL, SRA, SRB,
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o error amplifier; EA,

e shutdown comparator; CS,

» and undervoltage lockout; UVL.

Ratings for the device are included in Appendix A.

The UC3637 receives the analog duty cycle 10d(t) (0-10V), from the main control
circuit, discussed in Chapter IV, and produces a square wave output at a frequency of
=20.4kHz. Charging capacitor, C3g; in Figure (3-11), generates the triangle wave. Csp
was calculated using Equations (3-14) and (3-15).
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From (3W1]
R swcH 18
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[SRAN [
DA 10V 4
10 ] CSDB.T. CSDEI
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13k U3
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01 LG (U2-8,9,R110)
: 12 7
WV R ———" +L PWMCIRCUIT Bout [
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M lC 3637
13 i +18Y
R313G -ClL o T
b Bk Shutd
o Uou Shutdawn Vs 5_0-15‘\/ -
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0.220F Shutdown 15 k lCSUQ
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17 2 47k
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Figure 3-11, PWM Circuit Diagram.
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_ (Ve )= (Fs) _
s = R315 (349

= IS
2% C302 [(+VT1-1) _( _VTH )]

f (3-15)

In the previous equations, Is is the current through Rsig, +V1n is the upper threshold
voltage (10V), -Vy is the lower threshold voltage (0V), f is the frequency (20kHz
desired), and Vs is the supply voltage (£ 15V). Choosing Rs1g = 27kQ, Is = 0.0009mA.
Solving Equation (3-15), through iterative process, Csp2 Was =2200pF, which yielded a
frequency of = 20.4kHz. From the PWM stage, the driver pulse (see Figure 3-11) is sent
via pin four of the UC3637 to the IGBT driver board discussed in Chapter IV. It should
be noted that the threshold voltages were user selected to meet the 0-10V output
capability of a standard D/A chip.

6. IGBT Selection

Selection of the proper IGBT was based on the specifications listed in Table (2-1)
and the lead-time specified by the manufacturer. To meet specs and project deadline,
Semikron SKM100GB124D IGBT was selected. The device is rated for 1200VV/100A at
20kHz, well within design requirements. The IGBT already includes a fast recovery
diode as part of the module; therefore, an external fast recovery diode is not required.
Appendix A contains the data sheets for the IGBT.

C. SUMMARY

This chapter focused on the process of selecting major components for the
prototype SSCM. Appendix C contains the parts list used in the design along with
expected lead times and price information as of April 2001 (for major components only).
With the major components introduced, the design of the main control circuit, sensor

boards, and the IGBT driver board are detailed next. The equations implemented by the
41



control board and the operations of the commercially-available IGBT driver board are

documented in Chapter IV.
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IV. CONTROL BOARD AND SUPPORTING CIRCUITS DESIGN

A FEEDBACK CONTROL OF THE BUCK CHOPPER

The purpose the buck chopper feedback control is to establish suitable voltage
regulation. For testing the converter, the converter output must remain nearly constant
under changing load and input conditions. Switching functions must adjust to maintain
nearly precise operation, and adjustment must be performed whenever the converter
operates. As addressed in Reference [20], practical power converters do not provide
adequate open-loop regulation. Most open-loop controlled converters produce an output
dependent on the input, and do not provide inherent line regulation. At low power, the
effects of equivalent series resistance (ESR), voltage drops across semiconductor
switches, and even wire resistance make operation load dependent. To account for these
effects, the duty ratio of a dc-dc converter must be altered and made a function of the
output.

A system is said to be asymptotically stable if it returns to the original operating
conditions after being altered or disturbed. In general, control can be achieved via open-
loop or closed-loop techniques. With open-loop control, the duty cycle is set without
information about the system state and no corrective action can take place if a disturbance
occurs. With this in mind, it is apparent that closing the loop is vital if proper regulation
and stability are to be maintained in the dc-dc converter. Stability is required for small,
fast disturbances such as noise, for large disturbances such as startup or loss of load, and
for periodic disturbances such as input ripple. As stated in Chapter I, the dc-dc
converter control must be robust; hence, the control circuitry must be robust.

Closed-loop or negative feedback control makes a measurement of the output and
compares this signal to the desired signal. An error signal is developed and the control
input is altered to account for this error. Closed-loop control can offer undesirable
results as well. The error signal is intended to be zero; however, if zero error is
developed there will be no error signal to drive the control parameter. As will be seen in

a later section, to alleviate this problem, integral control was utilized since the integrator
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produces nonzero output even when the input is zero. It should be mentioned that care
must be exercised when choosing gains or the integral control could result in instability.
The purpose of this chapter is to develop the control equations and explain the control
circuitry utilized in the design.

B. ANALOG CONTROL BOARD
1. Main Control Stage Circuit Equations

Control for the buck chopper was accomplished utilizing the analog control
algorithm adapted from Reference [21] and described in Equation (4-1). Appropriate
Bessel pole locations are selected and feedback gains derived using MATLAB code
documented in Appendix B. The main control circuitry, illustrated in Figure (4-1),

implements the algorithm given in Equation (4-1).

d(t)=~h, (Vout _Vref) _th-(vout _Vref)dt —h; (lL _lout) (4-1)
R108
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Figure 4-1, Main Control Stage (After Ref. [10]).
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Equation (4-1) states that the duty cycle perturbations are a function of the output
voltage, the inductor current, and the output current. With the control loop speed slower
than the switching frequency (20kHz), one may view the switching frequency harmonics
as being filtered out and that the duty cycle is a function of the averaged values of the
circuit variables. From Equation (4-1), d(t) is the duty cycle, h, is the proportional
voltage gain, h, is the integral voltage gain, and h; is the proportional capacitor current
gain. The term h;(i_-iou) essentially implements the feedback of the derivative of the
output voltage. By selecting the proper feedback gains h;, h,, and h,, the desired closed-
loop response can be obtained.

As illustrated in Figure (4-1) and included in Equation (4-1), both current and
voltage feedback were utilized. Without current feedback, the transient response of the
converter is slow, since changes in the duty cycle would only take place with a
perturbation in the output voltage (V...). Thus, rapid output current changes (step
changes for instance) introduce near-instantaneous modifications to the switch duty
cycle.

Before pole placement was resolved, a closed-loop transfer function for the buck
chopper and control was determined. The closed-loop system is illustrated in Figure (4-
2). The upper right hand block was derived for the buck chopper (the plant) in
References [10] and [13].

bt a+hn EiLiy
+ L Vot
-/ s - e I+ LRC s+ LC)

Figure 4-2, Buck Converter Closed-Loop System.
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Solving the closed-loop transfer function resulted in Equation (4-2) where E, L, C, and R

are known constants listed in Chapters 1l and Ill.

LEC(hvs+hn)

Vout_
Vref s3+D] +£xh.Ds2 DL+£>< Ds +£xh
Ore T2 7B Bire Yo M8 T

(4-2)

By writing the nodal equations applicable to Figure (4-1), labeled Pt A, Pt B, Pt
C, and 10d(t), equations for the unknown gains (hy, hy, h;) can be obtained. Referring to
points A, B, C, and d(t) in Figure (4-1), Equations (4-3) through (4-9) follow. At point A

(note, circuit labeling conventions are addressed in Chapter V):

4="RiosTo0,  Ryjpc El L Rigs Exi (4-3)
Rig9 050 Ryijp+tRijoc 0 RipoO 9

Arbitrarily choosing the same resistor values for ULA and U1B and realizing from Figure

(1-4) that capacitor current is ic =i —i,, Equation (4-3) simplifies to Equation (4-4).

I,.
A=—(ic) (4-4)
5
At point B:
p =R E_Vref %_DRH)I J v, O (4-5)
Rip25 0100 O ERIOZAE Hioot

Substituting the designated resistor values for these op-amps results in Equation (4-6).

1
B= _W(Vo _Vref) (4-6)
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Continuing, the evaluation at point C yields Equation (4-7).

1
C= V, =V,r |dt 4-7
100xCp7R;106 I( ’ ref) @)

Zener diodes, D1gs and D17, connected to U1C prevent integrator windup. These diodes
function to clamp the integrator and prevent an unlimited buildup of voltage (zener
breakdown voltage is 6.2V).

Finally, writing the equation at 10d(t) yields Equation (4-8) and after some
algebraic manipulation, Equation (4-9) results.

- O U
]Od(f): Rll4 (A)— R114 (C)+ RIIZG Bl+ Rll4 D(B) (4_8)
R;13B R3¢ Ripp*Ryp6 0 Rizp// Ripzed
-R R
10d(t)=—"4 (i )- 114 V. =V,r Wt -
SR;138 100R;13¢Cr97R;06 ( ? ref)d (49)

EI U Rype OO Ri14 %{V ~Vrer )
[ re,
FOOOR 12+ Rippe @@ Rizp /”/ Ripzcn

Revisiting Equation (4-1), it is apparent from Equation (4-9), after dividing
through by ten, that the coefficient of capacitor current (ic) is h; the coefficient for the
integral term is h, and the coefficient for the voltage error (V,-V.) is hy resulting in
Equations (4-10) through (4-12).

—_Rig (4-10)
50R; 3B
R114 (4_11)

h =
" 1000R;13¢Cro7R106
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h o= 1 0 Ry MM 4 Ry B (4-12)
Y1000 ﬁRuzJ’Ruzc % R;13p //R113C§

From Equations (4-10) through (4-12), it is apparent that once the gains are resolved

resistor values for U1C and U1D in Figure (4-1) can be determined.
2. Pole Placement and Gain Selection

There are uncountable alternatives for pole-placement design. In general, the
design should produce poles with roughly equal (and high) magnitudes, spread along an
arc in the left-half complex (s) plane. Imaginary parts should not be larger than real parts
for any pole [20].

To minimize the control gains a Bessel function polynomial approximation was
utilized [22]. The pole locations are listed in Table (4-1), and the multiplication factor,
(w), is 21500. To prevent unwanted controller actions, w must be sized at least one
decade below the radian switching frequency (21*20kHz). In general, the selection of w
should not require excessive duty cycle control effort, which introduces unwanted noise

in the controller [21].

Pole Location
Sy -0.74550 + j0.71120
Ss -0.7455w- j0.7112w
S3 -0.9420w

Table 4-1, Bessel Pole Locations.

Expanding the pole locations from Table (4-1) into a third-order polynomial

yields Equation (4-13), which further simplifies to Equation (4-14).

(S+0.74550— j0.7112w)(S +0.7455 w+j0.7112 (S +0.9420 &) (4-13)

48




S3 +7643.55% +2.43x10” S +3.10 x10"° (4-14)

Next, the (S) coefficients from the denominator of Equation (4-2) and the (S)
coefficients from Equation (4-14) were equated resulting in the gains listed in Table (4-

2). These gains were determined using E = 500V, L = 1mH, C = 500uF, and R = 200Q.

Closed-Loop Pole Locations S =-2342.06 £j2234.30, -2959.38
Proportional VVoltage Gain h, =0.017
Proportional Current Gain h; = 0.015
Integral Voltage Gain h, =23.40

Table 4-2, Buck Converter Closed-Loop Poles and Gains.

Substituting the gains listed in Table (4-2) into Equations (4-10) through (4-12) allows
calculation of the remaining resistor values for Figure (4-1). It should be noted that the
following was assumed when carrying out the calculations for the final resistor values:

* U1A and U1B were assumed unity gain,

*  Ruise, Ci07, Ri126, R1os In Figure (4-1) were arbitrarily chosen.

The derivation just described was for 100% loading. To ensure the system
maintains stable operation, pole locations must be reassessed throughout the entire load
range. Although many combinations of resistors could have achieved the desired results,
this project kept resistor values between 2kQ and 200kQ. The resistor values were kept
above 2kQ to ensure that op-amp current limit was not exceeded while values were kept
below 200kQ to minimize noise from Electro-Magnetic Interference (EMI) and prevent
interaction with op-amp input impedance. Appendix B contains the MATLAB code

utilized to solve for the unknown gains and remaining resistor values.
3. Main Control Stage Stability
To pictorially verify the stability of the control system, the rise time, settling time,

steady-state error, and the overshoot were investigated. Reference [23] defines the
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preceding terms. Rise time is the time required for the step response to rise from 10% to
90% of its final value. Settling time is the time required for the system output to settle
within a certain percentage of the nominal output. Steady-state error is the error when the
time period is large and the transient response has decayed, leaving the continuous
response. Finally, overshoot characterizes the amount the output swings past the steady-
state output for a given step input.

The stability of the control system was verified using MATLAB. The open-loop
frequency response was first investigated followed by the closed-loop response.

Open-loop response for Rjag equal to 20Q is illustrated at the top of Figure (4-3)
while Rjoaq €qual to 200Q is pictured at the bottom of Figure (4-3).
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The crossover frequency in Figure (4-3) is the frequency at which open-loop gain
is 0dB. Phase margin (PM) is 180° minus the phase of the transfer function at the
crossover frequency (PM=48° in Figure (4-3)). The gain margin (GM) is the inverse of
the open-loop gain magnitude at the frequency where the phase is 180° (GM = 95dB in
Figure (4-3)). As illustrated in Figure (4-3) with both PM > 0 and GM > 0, the system is
stable.

Next, the closed-loop step response (for a change in V) and Bode plots for Rjag
equal to 20Q (100% load) are illustrated in Figure (4-4). The top plot is the step response
showing the rise time, settling time, peak response, and the time to reach steady state.
MATLAB contains a graphical function that will allow all these points to automatically
be annotated on the plot. Appendix B contains the MATLAB code to generate the

illustrated plots.
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Figure 4-4, Step Response and Closed-Loop Frequency Response 100% Load.
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The step response and bode plots for Rjeg equal to 200Q (10% load) are

illustrated in Figure (4-5).
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Figure 4-5, Step Response and Closed-Loop Frequency Response 10% Load.

54




As can be determined from Figures (4-4 and 4-5), the control loop system is
stable throughout the entire load range. LF347 Texas Instrument quad operational
amplifier was utilized to realize the control loop circuitry illustrated in Figure (4-1). Data
sheets for this particular chip are contained in Appendix A. The output of the control
stage 10d(t) is fed to the UC3637 PWM chip as indicated in Figures (3-9 and 3-11).

C. IGBT DRIVER BOARD SELECTION

The IGBT Driver Board is fully described and illustrated in Appendix A. A
Semikron SKHI 10/17 High Power Single IGBT Driver meets specification requirements
listed in Table (2-1) and was selected for this design. This driver is capable of switching
up to a 400A IGBT module at 20kHz, which meets or exceeds design requirements

The driver includes a user input voltage level selector (+15V or +5V). For this
design +15V was selected because all control circuitry utilized + 15V; however, the card
is capable of TTL input operation. As outlined in Appendix A, the +5V logic can be
realized by bridging the pads marked "J1" together. For long input cabling, greater than
50cm, +15V is recommended due to EMI considerations.

A simple test circuit was set up in the lab to test the driver prior to full circuit
interface. Figure (4-6) illustrates the required connections and Appendix A contains the
detailed testing procedure.
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Figure 4-6, IGBT Driver Board Test Circuit.

Waveforms were monitored on two oscilloscope channels. Channel two was set
up across the power resistor to monitor the performance of the IGBT, while channel one
monitored the function generator and was set up between pin 2 and pin 11 of the IGBT
driver board input connector. All other performance checks were followed as outlined in
Appendix A.

In Figure (4-6), the IGBT driver board receives its input on pin two of the input
connector (14-pin connector). In Figure (4-6), the function generator is feeding pin 2 for
test purposes only. In actual circuit interface, pin 2 receives its input from the PWM chip
pin 4, which is labeled Ao in Figure (3-10). The output of the IGBT driver board is pin
3 of the 5-pin output connector. This signal is directly fed to the gate of the IGBT at pin
1.
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D. CURRENT AND VOLTAGE SENSOR CIRCUITS

To obtain the required inputs to the control circuit in Figure (4-1), current and

voltage measurements had to be obtained from the power section of the SSCM.

1. Current Sensor Circuit

To obtain the i,/5 and i./5 inputs to the control card, the circuit in Figure (4-7)

was utilized (note, detailed schematics are included in Chapter V).

[0/1000

|_ Liiter —| |_ Lbuck ~ ] H5y0—ft—0 *V5

YV . YYYYL
\ 4 O CL50 (i/5)
o [ " P | —r
(E=soov cier | || Joo0uE .=|20.200 ohm -5y o—f—o ¥ RC103
SO0F T b T oAt 2]yog-so0v OUTo, W
| 1 Chuc 0% &
|| _ \ |

DPLTFLTERSECTON || POWER SECTON )
S - L1000

H5y0—f—0 TV
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Vg
Sk — RC203
OUT 4
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Figure 4-7, Current Sensor Circuit.

The theory of the CL50 Hall-effect sensor was described in Chapter Ill. From
Figure (4-7), the CL50 requires a £ 15V supply (discussed in Chapter V). Chapter IlI
stated that the CL50 divides whatever current flows through the device by 1000. With
this in mind, average full-load current anticipated to be produced by the CL50 would be

20A =0.02A. Next, given a 200Q resistor, a 4V signal (i,/5 and i./5) is achieved. The

1000

maximum output voltage of the sensor is 8V corresponding to a peak converter current of
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40A. This leaves sufficient headroom for dynamic current measurements during

transients.
2. Voltage Sensor Circuit
To obtain the required voltage inputs to the control circuit in Figure (4-1), voltage

measurements also had to be readily available from the power section of the SSCM.
Figure (4-8) illustrates where the measurements were obtained.
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Y'Y, Y\
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I
o] | e | |20-200 ofm
Citer | L oy Cbuck ] | rioad 5:|Vout=400v

500uF T I 1 500uF T

] a\ |
INPUT FILTER SECTION ||_ POWER SECTION |
A1VO-1
RJOVS-3 [ >
."l'l' 3 o "2 7k (o]
270k RA101 3 DA101
4 —| 10v
O 1 \ A1VO-2
RJBVS-1 O I SA2VI-1
<55 O, DA201
270k 1 RA201 $2.7K
0 T Ty
2 | \ A1VI-2
7
Javs

Figure 4-8, Voltage Sensor Circuit.

As shown in Figure (4-8), Vi, (E) and V, are taken from the input filter section and
power section, respectively. Both signals are immediately sent through voltage divider

networks consisting of 270kQ and 2.7kQ resistors. The zener diodes (DA101 and
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DA201) prevent excessive voltages from entering the main control board. Equation (4-
16) provides an example of the output to A1 (AD215 located on the main circuit board).
Assuming Vo = 400V

by o 2TRQ
AIVI = Tout ™ 5 700 + 270kQ

(4-16)

This simple circuit takes the high voltage from the power section and provides a much
lower voltage to be used in the control circuitry of Figure (4-1). Circuit interface will be

discussed in Chapter V.

E. SUMMARY

This chapter focused on the development of the control circuit for the SSCM.
Also introduced were the sensor circuits that provide the required inputs for the control
circuit, Figure (4-1). Stability verification was obtained using MATLAB, and proof of
stability was illustrated via Bode plots. In Chapter V, circuit-labeling schemes are
presented. Furthermore, detailed explanations of the protection circuitry, power supply
and buffer stage are discussed. Also presented in the next chapter are the detailed
schematics of all the sub-circuits. Placement of all schematics in Chapter V will allow

the user to reference one chapter for all circuits in the SSCM.
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V. OVERALL CIRCUIT LAYOUT AND SCHEMATICS

A PURPOSE

The purpose of this chapter is to unify the concepts introduced in Chapters 11-1V.
Schematics of the final product are illustrated and a functional description of each circuit
and how they interconnect is presented. Circuit/schematic labeling is explained and
problems (if encountered) in the assembly of the dc-dc converter are addressed.
Appendix C contains a component parts list of each major sub-assembly discussed. The
purpose of the parts list is to provide a ready reference to assist in the construction of

additional units in the future.

B. CIRCUIT BOARD BACKGROUND

1. Board Cutting

Circuit board development was accomplished using Protel Easytrax software,
version 2.06. Easytrax allowed layout and component interconnection on two layers
(front and back). The software and necessary hardware were available at the Naval
Postgraduate School. ET3 Yenko, lab assistant, manufactured all printed circuit boards
for the SSCM.

All circuit boards were cut so that there were two separate ground planes: one
isolated ground section for high voltage and a control card ground plane. Thermal pads
were added at all connection points on the ground planes for ease of soldering. A thermal
pad is a star cut around a hole in the copper made to reduce heat flow during soldering.
Due to physical cabinet size limitations and desired circuit board location, the board was
designed to ensure that all components would fit on a 10.75-inch by 6-inch board. This
proved to be challenging since one goal was to limit the amount of "vias" on the board.
A "via" is simply a jumper through which a signal on one side of the board is made

available on the other side of the board. Trace widths were chosen based on perceived
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current flow; thus power supply traces are significantly wider than signal traces.
Connectors were placed strategically near the board edge to ensure ease of user access.
Additionally, enough real estate was made available to accommodate heat sinks for the
linear voltage regulators, LM 7815 and LM 7915.

Once a printed circuit board was developed, a netlist was compiled. The netlist
associates integrated circuits with resistors, capacitors, and diodes allowing connections
to be verified. Netlists and component lists are provided in Appendix D. Once a printed
circuit board was completed, a Gerber file was generated. The purpose of the Gerber file
is to direct the milling machine to drill at the required locations for component placement

on the circuit board. Circuit layout printouts from Easytrax are provided in Appendix D.

2. Circuit and Schematic Labeling Schemes

To ensure ease in locating components and to understand their function in the
circuit, a labeling system was developed. The first symbol represents the physical
component, for example:

» C: capacitor,

* A: AD215 voltage isolators (A1-A2),

» D: diode,

* R:resistor,

» S:switch (S1),

U: IC chip (U1-U9),
J: connector or BNC connection (J1-J10),

* Q: transistor (Q1-Q3).

The second digit represents what IC the component is associated with, for example:

* R3: resistor associated with IC #3,

e C1: capacitor associated with IC #1.
The third and fourth digit tell what pin number the component is connected to, for
example:

* R109: resistor associated with IC #1 pin 9,
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» C210: capacitor associated with 1C #2 pin 10.
If multiple components of the same type are connected to the same pin of an IC, a letter
suffix is added. For example, R102A, R102B, and R102C are three separate resistors
connected to IC #1 pin 2.
Other suffixes used are listed below:

 G:ground,

e Q: transistor,

* H: VCC high,
 L: VCC low,

e Z:identifies a jumper.
A few final examples of circuit labeling are offered:
* R603H: resistor associated with U6 pin 3 and VCC high,
» J9VS: connector J9 from voltage sensors,
» JICS: connector J1 from current sensors,

» J2FP: connector J2 from front panel.

C. CIRCUIT DIAGRAMS AND DESCRIPTIONS

This section documents the hardware implementation of the buck converter as
well as the associated sensor and control circuits, and driver board. Each subsection is
organized so that it contains a detailed schematic and description of the circuit. If further

detail is desired, Appendix D contains the Easytrax schematics and the netlists.

1. SSCM Buck Converter Topology

Figures (5-1) and (5-2) illustrate the layout for the buck converter input filter,
power section, and circuit feeds to the voltage and current sensing circuits. Components

for the input filter and power section were discussed in Chapter I1l. The following
provides the general flow for the overall system:

63



Lfilter —| |_ Lbuck
——Y VYL 1] 1] YA A A A £
| 0.4rmH I | | % ™ |
Zohm 2333 % P ! |
| ] 2 UF/630Y Couck &= F 2T0kemm || o o0n0nm
1000uF
Criter ] || D1 . £ Vout=400v
= 1000uF sl x Rioad ¥|
E= 500 T
y g00vac | | 2 2uF/e30v o L |
Cfilter 4 Chuck % £ 2ikanm
| 1000UF T || 1000uF ; |
[ o
| INPUT FILTER SECTION POWER SECTION ™ l
L N e _J
RI9VE-3 3 N, AIVO-1 Notes:
yTe O | /7 1) Mo snubber circuit was required
270k L N DA101
24101 i= 27k & oy 23 1100/ Joule MOV placed across
IGET
n -
O 1 N ATVO-Z 3) 2.2UF polyester capacitors eliminate
Fd high frequency
RJFV3-1 1 ~| T > A2V 4) 3-3 ohm resistors are 3W metal film
WA~ {_)
270K
of, DA201
2 .y
RAZIIE 27K T v
2
O L N AIVE2
V4

JaVs

Figure 5-1, Buck Converter Voltage Sensing.

500VvDC input power source is applied to the range plug located on the rear
panel of the SSCM. This is depicted as the block containing (E = 500V) in
the schematic above.

In Figure (5-1), sensed voltages from the voltage divider networks are sent via
twisted pair to JOVS (located on the main circuit board). Through this voltage
divider network, V;,/100 and V,,/100, via a buffering circuit, are made
available to the control circuitry.

As illustrated in Figure (5-2), sensed currents are sent to the main control
board via Hall-effect sensors located underneath and aft of the main circuit
board. A 200Q resistor (located on the Hall-effect sensor board) provides the
necessary scaling factor to achieve 1./5 and lo,/5, which are then made

available to the control circuitry via the buffering circuitry. Scaled currents
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enter the main control board through connector J1CS (illustrated in a later

section).
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Figure 5-2, Buck Converter Current Sensing.

» The control circuitry processes the voltages and currents according to the

developed control algorithm outlined in Chapter IV.

» The generated driver signal from the control board is sent to the PWM
circuitry. The PWM signal is sent to the IGBT driver board to gate the IGBT.
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2. Sensor Boards
Pictured in Figures (5-3) and (5-4), the sensor circuits/boards provide isolation
between the buck chopper power section and the control board. Sensed voltages from the

voltage divider network on the buck converter are sent via twisted pair wires to the input

of the wideband AD215 isolation units. Configured as unity gain buffers, the AD215s

output the sensed voltages and send them to the buffer stage located on the main circuit

board.

Current sensing is achieved by the use of the CL50 mounted on its own circuit

board underneath the main circuit board (Figure (5-4)). Instantaneous currents

proportional to (isensea/1000) are output by the Hall sensors. These currents are

immediately converted to proportional voltages by 200Q resistors located on the current

sensing board next to the CL50. The signals obtained, (isensea/5), are sent to J1CS pins

four and five via ribbon cable.
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Figure 5-3, Voltage-Sensing Circuit.
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Figure 5-4, Current-Sensing Circuit.

3. Main Circuit Board

The main circuit board can be broken down into five subsections:
» Power supply stage,

» Buffer stage,

* Main control stage,

e Pulse width modulation stage,

» Protection circuitry stage.

A schematic and discussion of each of the subsections follows.
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a. Power Supply Stage

Ilustrated in Figure (5-5), the power supply receives =117V ac, 60Hz
receptacle power through a 36V ct/1A step-down transformer. The thirty-six volt

transformer output enters the main circuit board through JJOAC where the voltage is

rectified to produce(i) 28.2Vpc (measured). The voltage is then sent into voltage

regulators U8P (+15V) and U9N (-15V).
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UgP
pan1e 1 3 +15Y Bus
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J0AC 1N4003 ;
I8Vt 1 Amp
4 14003
N ¢ T
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iL canaa L ]
| DAT1A i g2 T L conign
A N 2200uF Au 22000F
/
1N4003
1
14003 To Main Circuit Board
i 7915
DG0ZA ! 3 15V Bus
LN

Figure 5-5, Main Circuit Board Power Supply.

From the voltage regulators, (i) 15V is distributed via busses located on the main

circuit board. This voltage is used to power all of the integrated circuits on the main

circuit board. Actual output values were:

» UB8P pin three positive voltage = 15.19Vpc,

* UO9N pin three negative voltage = 15.20 Vpc.
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b.

Buffer Stage

As stated previously, the scaled currents and voltages enter the main
circuit board through J1CS and J9VS, respectively. From J1CS and J9VS (and then
through the AD215s), the inputs are buffered utilizing a LM324 quad op-amp (labeled

U2) as illustrated in Figure (5-6). Each buffer stage input contains an RC lowpass filter

designed to remove high-frequency components from the measured voltages and

currents. Using Equation (5-1), the cutoff frequency for each filter is set at 20.095kHz

(near the switching frequency of the IGBT). The frequency was initially set at 1.8kHz;

however, during testing it was found not to be required since the input to the PWM chip

possesses a 1.8kHz filter. The LM324 outputs are fed to the main control stage.
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Figure 5-6, Buffer Stage.
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C. Main Control Stage

The main control stage is where Equation (4-1) is implemented. The
output of this stage is the duty cycle, d(t), scaled by a factor of ten. The main control
stage was described in detail in Chapter IV and is illustrated in Figure (5-7). In addition
to the buffer stage inputs, the signal representing the desired output voltage, -V,/100, is

fed into the main control stage from the protection and startup circuitry stage.
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Figure 5-7, Main Control Stage.

The control algorithm is performed using an LF347 quad op-amp. The
first three op-amps in the package form the proportional voltage (U1B), integral voltage
(U1C), and current response terms (U1A). Note that a limited integrator has been used to
generate the integral voltage term. This configuration prevents integrator windup as
previously defined in Chapter IV. Without the limiting zener diodes in place, Cyg7 is free
to charge up during extended transients to values well outside the range in which its

voltage affects duty cycle. As a result, the voltage on C,o7 locks out the remaining terms
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in the duty cycle control algorithm. This lockout persists until C1o7; comes back within its
operating range. The final op-amp, U1D, is used to scale and sum the outputs of the first
three op-amps. The output of the main control stage feeds the user select switch, SW1
(eight position dip switch), located on top of the main circuit board. When this switch is
positioned with one and two in the "on" position, the signal is fed to the pulse width
modulation stage. In Figure (5-8), the user select switch is illustrated. The schematic
details all SW1 switch positions. The closed position in the schematic is equivalent to
"on" in the table. The user select switch allows the operator to either utilize the controller
inside the SSCM or to simply use an externally generated duty cycle. In the latter case,
SW1-2,3 (switch 1, position 2 and 3 "on") would be placed in the "on" position and the
BNC labeled JADR would be interfaced with the desired external duty cycle signal.
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6 1A 1B
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3 ON Connects Front Panel to PYWh input 0-10V d(t)
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Warning: Do not use front panel BNC connectors to monitor while in test mode due
to excessive noise introduction into the control loop

Figure 5-8, User Select Switch.
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d. Pulse Width Modulation Stage

Ilustrated in Figure (5-9) is the pulse width modulation (PWM) stage.
The PWM stage is comprised of the UC3637 chip. When the user select switch is
positioned so that one and two are in the "on" position, the duty cycle from the main
control stage is received. The function of this stage is to produce a 20 kHz PWM signal
(0-15V) to feed the IGBT driver board that in turn gates the IGBT as per the
specifications dictated by ESAC. Frequency was determined by calculating the required
values of Rs1g and Cso, as described in the UC3637 data sheets. Chapter 111 detailed the
process. The actual measured frequency is 20.38kHz.

Rs11 and Cs;11 were selected to provide approximately one-decade
frequency separation between the input signal and the IGBT switching frequency (feutort =
1.88kHz). Ds;; functioned to limit the input to ten volts. The duty cycle represents a
signal between zero and 100 percent or equivalently zero to ten volts. For example, eight
volts equals 80 percent duty cycle. Ds;; therefore functions to maintain the duty cycle
below 100% (=95%). This wanted limitation avoids the possibility of a narrow pulse
near 100% duty cycle, which in turn prevents the IGBT from turning on. Rsi3 and Csi3
are part of the protection circuitry and will be described in the next section. Dsp; sets the
upper threshold voltage at 10V as described in Chapter 111 (Equations (3-14) and (3-15)).
Detailed specification sheets for the UC3637 are located in Appendix A.
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Figure 5-9, Pulse Width Modulation Stage.

e. Protection Circuitry Stage

The analog controller provides the buck chopper with two forms of
protection. The first is the pulse-by-pulse current limiting feature of the UC3637 chip.
This simple circuit protects the Semikron IGBT from exceeding its 100A current rating.
Referring to Figure (5-9), pins 12 and 13 comprise this circuit. The voltage signal from
the current sensor board, i./5, is applied to pin 12. If a fault occurs at the output of the
dc-dc converter, i./5 will increase. The voltage at pin 13 is fixed by the voltage divider
network consisting of the piggyback resistors Rs13 and R313c and the +15.19V (measured)
power supply. If its peak exceeds the voltage divider network, which is set at 7.8V (8V
due to a 200mV built-in IC offset, see spec sheet in Appendix (A)), the IGBT driver
signal coming from U3 pin four will go low. The PWM chip will evaluate the current at
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the switching frequency. The IGBT will remain open until the peak inductor current falls
below this overload threshold value.

The second protection circuit is over-current time-out. Part of this circuit
is illustrated in Figure (5-10); the circuit in its entirety is shown in Figure (5-11). This
circuit protects components from thermal damage when the output current exceeds
=100% rated (20A) and is set to time-out in 300msec at =125% rated current (25A). A
description of the circuit operation and design is presented next.

Over Current Time-Cut

el
1]
R316B 14148 13V
jo/5 O K
2Tk D317

47k +H1EY

To R&04 and Ua0-12

%

Figure 5-10, Over-Current Time-Out Timing Circuit.

D317 prevents the integrator from operating until lo /5 > 152V

27kQ  100kQ
the actual negative supply voltage of -15.2V) or (i, > 20.52A). Thus R31a and Rz16s

establish the set point for the beginning of integrator operation. Once i, exceeds 20.52A

(using

(found to be 21.82A experimentally), Cs;17 begins to charge linearly based on a constant
overload current.

74




The comparator circuit consisting of U7, Rzo4, and Rz, establishes the trip
voltage of the integrator at -10.133V (using the actual negative supply voltage of -15.2V).
If a constant 125% overload current is assumed, then the time to trip the circuit may be

determined as follows. Given that | = C% where C = 1uF, AV =10.133V,and | =

(25A-20.52A)/(5*27kQ) = 331.185pA (using I, = 25A), At = 305msec. Note, this can be
placed in one equation and solved using Equation (5-2) where V, refers to the output of
uUs.

1

O
+ (=15.2v)dt +v,,; (r =0)  (5-2)
R3164C317 0

t
v Dgi] (i, /5)
t =" l
" ,!-DR316BC317 ’

Choosing to solve for the time, all values from Figure (5-10) are directly substituted into
Equation (5-2) and the expression is integrated from 0 to t. The initial value of vou(t) is
zero and the final value is -10.133V. After substitution, Equation (5-2) reduces to
Equation (5-3).

~10.133V = ~185.185t +152t (5-3)

Solving for the trip time yields t=305msec. A similar analysis can be performed for

additional values of continuous overload current. Results are summarized in Table (5-1).

lo At
21A 2.851 sec
22A 0.924 sec
23A 0.552 sec
24A 0.393 sec
30A 0.144 sec

Table 5-1, Theoretical Over-load Circuit Trip Times.
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As just described, the op-amp in U3 (pins 15-17) was designed such that
i,/5 = 5V causes pin 17 to reach -10.133V in approximately 300msec. This voltage trips
comparator U7 high and causes U5B (latch) and U5D (fault summer, see Figure (5-11))
to go high. This signal is sent directly to U3 pin 14 initiating a shutdown at pin 14. This
shutdown signal immediately disables the driver signal at pin 4 of U3, stopping buck
chopper operation.

The startup circuitry depicted in Figure (5-11) allows the duty cycle to
ramp up to its steady-state value from zero initial conditions. When the controller is
initially energized, USA goes high due to a +15V pulse generated by the RC circuit at pin
1 of OR gate U5A (RC circuit is made up of Csp; and Rspz). As a result, USD goes high
turning on Q1 (and disables the PWM chip). With Q1 "on", capacitor Cgos is effectively
"shorted" making pin 3 of U6A =0V preventing a reference signal from being generated.
This action prevents a high duty cycle waveform from being generated during start-up,
which, could result in large current and voltage oscillations possibly damaging the
converter. By resetting the over temperature push button on the front panel, Q1 is turned
"off" and the reference voltage is allowed to "ramp-up”. Reference voltage is controlled
from the front panel by adjusting the potentiometer and monitoring the front panel digital
meter. The reference voltage ramps up to its final set point through the action of the RC
time constant set by Rgos and Cgoz (T = 1 sec). U5C was not utilized in the design and
was therefore grounded to prevent possible interference.

Over-temperature control was achieved by the use of a thermistor switch
(see Appendix C), which is located directly above the IGBT (on the same heat sink).
When the temperature exceeds 157 degrees Fahrenheit (70°C), the thermal switch pulls
pin 1 of USA high through J1CS-1. This causes a shutdown and lights the TEMP LED
on the front panel to warn the operator. Note, once the temperature has decreased below
157 degrees, the user must reset the LED by depressing the over temperature pushbutton
on the front panel (see Figure (2-2), front panel). Thermistor selection was based on the
upper temperature parameter of the IGBT (85°C).

Both over-current time-out and thermal overload can be reset using the

front panel. However, if the protection circuitry in the "smart” IGBT driver board is
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activated due to a fault condition, all input power must be removed from the converter
and the control power must be cycled off and on to reset the card (no LED indication for
this fault). This condition was inadvertently tested at full voltage by mistakenly
switching from a 25% load condition to a short-circuit load during transient testing. The

converter survived the ordeal, but the external transient load switch was destroyed.
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Figure 5-11, Protection and Startup C
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4, IGBT Driver Board

As previously discussed, the IGBT driver board utilized in this design was
Commercial-Off-The-Shelf (COTS) Technology from SEMIKRON. Detailed schematics
and circuit operation are described in Appendix A. The only modification to the driver
board was to bridge the solder gap (J2). When only one IGBT is to be gated, this is a
recommended procedure.

The output of U3-4, the gating signal, goes through fast recovery diode
D304 directly to the IGBT driver card through J3DR-2 (see Figures (5-9) and (5-13)). Ds3p4
functions to pass only the positive portion of the signal leaving U3-4. This signal is fed
to the 14-pin connector pin 2 on the IGBT driver board. The output of the driver board
exits the 5-pin connector at pin five which connects directly to the gate of the IGBT.

5. Miscellaneous Schematics

Figures (5-12) through (5-15) illustrate the wiring for all connectors utilized in the
design process. Figure (5-12) pictures the BNC connectors located on top of the main
circuit board. These BNC connections were provided for operator convenience. Each
main circuit card BNC is connected directly to the front panel of the SSCM in order to
allow monitoring of system variables, see Figure (2-2).

In the four schematics that follow, circuit interfaces are written next to the
applicable pin number on the BNC or the fourteen-pin connector. If connector pins are
not used, the schematic will contain a note to indicate which pins. The only connector
schematics absent in this section are the pin layouts for the IGBT driver board. Detailed

schematics for the IGBT driver board and all its connectors are offered in Appendix A.
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(U2-1,2, R102A)

(U2-6.7)

(U2-8,9, R110, U3-12)

iL BNC
J8

(R109, R316B, U2-13,14)

(SW1-3.4)

J4DR BNC
J4

Figure 5-12, BNC Connectors on Main Circuit Board.

J3DR
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O O
Or +O

(From SWwwW1-2)

B!

(To IGEBT driver Board)
{14 pin connector pin 2

; (LU3-14 U5-11 R511Q)

; (To IGBT driver Board)
+15% {14 pin connector pins §,9)

used

Mote: Pins 5,6,7,12-14 not

Driver Board Connectar

Figure 5-13, J3DR 14-Pin Connector on Main Circuit Board.
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Figure 5-14, J1CS 14-Pin Connector on Main Circuit Board.
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D. PHYSICAL COMPONENT LAYOUT

The purpose of this section is to provide pictures of the SSCM during the
assembly stages. Figure (5-16) depicts the assembled front and rear panels that were
illustrated in Figures (2-2) and (2-4). The 3A fuse is for protection of the 115Vac input
line while the 30A fuse protects the dc input line.

Figure 5-16, SSCM Front and Rear Panel.
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In Figure (5-17), the placement of the heat sink, input filter, and power section is
illustrated. To ensure maximum airflow across the heat sink fins, two fans were placed in
the enclosure. The left-most fan pushes air into the unit while the right-most fan
functions to force air across the fins and out the rear of the heat sink and unit. The high
heat generating components were placed on or near the heat sink (IGBT attached to the
heat sink side, power section inductor placed in front of heat sink). The input filter
inductor produces minimal heat therefore its placement was not critical. An aluminum
central support was installed to enhance ruggedness and provide support for the input and

output capacitors and for the mounting of the current sensor boards.

Front Panel ONMOFF Switch

Figure 5-17, Heat Sink, Input Filter and Power Section Placement.
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In Figure (5-18), the damping circuit is added to the input filter, the IGBT is
installed onto the heat sink, the current sensor board platform is installed, and the
platform brackets for the main circuit board are attached to the side of the cabinet. The
IGBT has additional components attached to it (MOV and 2.2uF high frequency
capacitors depicted in Figure (5-2)). Also illustrated, angled aluminum was placed along

the perimeter of the SSCM to provide ruggedness and durability.

IGBT Imstall

Current Sensor Board Platform

Figure 5-18, Input Filter Dampening Circuit and IGBT Install.
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Figure (5-19) depicts the installation of the 115V/30V transformer, thermistor
switch, and current sensor circuits. The wiring for the transformer and current sensors
are labeled. Also pictured, the power section inductor is wired through the current sensor
to the IGBT. Care was taken to ensure the wire was placed in the center of the current
sensor aperture. The twisted pair wires from the current sensor boards feed J1CS (see
Figure (5-2)). The thermistor wire also feeds J1CS pin 1 as seen in Figure (5-11). The
transformer wiring is fed through the bottom of the main circuit board into JI0AC.

Transformer Conmections to JIDAC
Transformer Install Current Sensor Install

_. Current Sensor
To IGBT Driver | Board Wires io
Board 5 Pin JICS
Connector ==

\

Figure 5-19, Transformer, Current Sensors, and Thermistor Install.
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Figure (5-20) illustrates the installation of the digital meters, LEDs, and
temperature and current reset pushbuttons. The 115V wiring comes in from the rear
panel and connects to the on/off switch on the front panel. From the switch, 115V is
routed to the transformer. In the upper right corner of Figure (5-20), elbows are attached
to the BNC connectors to re-route the control signals (d(t), i./5, i,/5, Vin/100, and
Vout/100) to provide sufficient clearance for the main circuit board install. The BNC
signal wires are routed underneath the main control board and connected to the main
control board at connectors J4 through J8 as illustrated in Figure (5-12). The 1kQ
potentiometer functions to adjust the duty cycle from the front panel and is seen in the
center of Figure (5-20). Also pictured, angled aluminum support is installed at the
bottom of the SSCM to provide durability.

Pushhuiton Resets 1kilo-ohm Potentiometer

Meter Wires
to 5YV KEPCO
Power Supply
115V in
from Rear

Figure 5-20, Meter, LED, and Pushbutton Install.
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Figure (5-21) pictures the installation of the main circuit board and the IGBT
driver board. The other end of the elbow BNC connectors from Figure (5-20) are routed
underneath the main control board and connected to the top of the main circuit board as
seen in Figure (5-21). This photo displays all connections to the main circuit board and
IGBT driver board. The main circuit board houses the buffer stage, control stage, PWM
stage, user select switch, voltage divider network, and protection and start-up circuitry.
All connectors and circuits have been discussed and their detailed schematics provided in
Chapter V. Table (5-1) summarizes of the connectors and circuits in the SSCM and

provides the applicable figure number(s).

Vin Vout I Iout  User Select Switch JADR  d(i)

*

i m o 9 IGBT Driver
= e Board 5-Pin
e - s Connecior

........

IGBT Driver
Board 5-Pin
Connector

- " 1 s

Figure 5-21, Main Circuit and IGBT Driver Board Install.
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Connector/s or Circuit Figure Number(s)
J1CS 5-2, 5-4, 5-6, 5-11, 5-14
JOVS 5-1, 5-3,
J2FP 5-10, 5-11, 5-15
J4-J8 5-6, 5-12
J3DR 5-8, 5-11, 5-13
J1I0AC 5-5
Voltage Sensing Circuit 5-1, 5-3
Current Sensing Circuit 5-2,5-4
Main Circuit Board Power Supply 5-5
Buffer Stage 5-6
Main Control Stage 5-7
User Select Switch 5-8
PWM Stage 5-9
Protection and Start-up Circuitry 5-10, 5-11

Table 5-1, Summary of SSCM Figures.

E. SUMMARY

The purpose of this chapter was to compile and document the detailed schematics
of the final product. Many schematics were contained in Chapters I1-1V, but their
purpose was mainly illustrative. Although correct, previous chapter schematics did not
contain all of the detail required to duplicate the SSCM fabrication at a future date. In

Chapter VI, detailed testing is documented to validate the SSCM operation.
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VI. TESTING AND VALIDATION

A PURPOSE

The purpose of this chapter is document all test results conducted on the SSCM.
All testing was accomplished at NPS with available lab equipment.

B. BACKGROUND

Prior to final assembly, each of the following circuits were bread-boarded and
tested:

» Control circuit,

*  PWM circuit,

» Protection and start-up circuitry.

The control circuit, discussed in Chapter IV, was simulated using the hardware-
in-the-loop capabilities of the dASPACE 1103 development system [24]. To test the
control circuit, an average-value model of the converter was simulated in SIMULINK
and the bread-boarded control circuit was interfaced with the dSPACE controller board.
In dSPACE, Ryoag Was placed on a slider (load was varied between 20Q and 200Q) and
16/5, 1L/5, and V,/100 were outputted from dSPACE to the control board. V;,/100 was
simulated using a power supply set to 4V (simulated 400V reference). Duty cycle was
generated by the control board and fed back to dSPACE for display (see Appendix A).
Ri0ag Was varied throughout its entire range to verify that the control board maintained a
stable 0.8 duty cycle.

To test the PWM circuit, a power supply (supplying 8V to simulate a 0.8 duty
cycle) was connected to the input of the PWM chip (U3 pin 11). The PWM breadboard
circuitry produced =20.4kHz signal at pin 4 of U3, well within design specifications.
Detailed procedures on dSPACE operation are offered in Appendix E. Once each sub-
circuit was validated for its particular function, final assembly took place.
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C. TESTING

The following tests were performed on the SSCM:

* Fullload (=20Q),

e Minimum loading (=2009Q),

» Continuous mode,

» Discontinuous mode,

e Transient response,

» Efficiency.

As previously mentioned, all test equipment was available in the NPS Power
Systems lab. Table (6-1) lists all equipment utilized in the testing phase and Figure (6-1)
illustrates the test circuit set up in the lab.
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Equipment Parameters Manufacturer Part or Model
Number

Variac 3-phase/35A/60Hz Staco Energy 6020-3Y

480V input/0-560Voutput | Products
Power Diode 50A INVERPower P101 DM
Rectifier controls LTD
2-Filter Capacitors 10,000 MFD INVERPower P106 FC

350 WVDC controls LTD
Resistor Load 3kw-115VvV INVERPower P108-RL
(3 banks) controls LTD
Voltage Source 3-phase INVERPower P108-RL
Inverter (used in controls LTD
transient analysis)
2-non-Inductive 0.0010127Q/20W INVERPower P109-NIS
Shunts 0.0010123Q/20W controls LTD S/N P109-023
6-Pulse Amplifier +24V/[-15V INVERPower L100 AM
(used in transient controls LTD
analysis)
Fluke Meters 8060A Multimeter Fluke 8060A
Oscilloscope 60MHz Tektronix 2212

Table 6-1, Required Test Equipment.
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360Hz Filter Capacitors 10mF each
1 Y 2 . +
Fose I—L )_._L ﬁ
504 +
= £ 5 - . Power Source
0-530vdc
4804
Yariac k.) gk
%= . .3 + ®
2081120304/ 3-phase
Fluke DVM lin Fluke DVM lout
1mv: 1A 115Y Control Power 1My 1A
Shunt In out Shunt 10% load (open)/ 100% load {closed)
+ o AhAr SSCM A
Amilli-ohrm Sk Tmilli-ohrm
Base Load ~195.2 ohm at Additional Load
~10% load at 400V 551 952 225 ohm EEQQ 5
{202 ohm=Rload=195 Zohm) ~30% Load at 400
T e

Figure 6-1, Test Circuit.

1. Full-Load Testing

Full-load testing was performed and the data recorded is presented in Table (6-2).
The purpose of this test was to assure that the SSCM performed as designed at
approximately full power for different commanded output voltages. The circuit at the
bottom right of Figure (6-1) provides R =20.2Q (switch closed). Prior to testing, the
load banks measured at 195.2Q and 22.5Q, respectively, giving a total parallel
combination of 20.2Q.

The variac in Figure (6-1) was slowly raised from 0V to 500V. Slight adjustment
of the variac was required as Vo, was incrementally increased from=100V up to =425V
by adjusting the duty cycle (front panel potentiometer). All testing commenced at
Vouit=100V and E=500V. Table (6-2) lists all values recorded and the measured
efficiency at each voltage level. Observed efficiencies were as expected in that the

IGBT was expected to dissipate=100W at full power. Switching losses in the IGBT and
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conduction losses accounted for the efficiencies being less than ideal (100%). Power loss
observed in the full-load testing phase is listed in Table (6-3). No significant heat
(=95°F) was generated in the power section inductor or the heat sink (was able to place
hand on heat sink for the length of testing). Voltages were measured across the IGBT
collector-emitter (Vcg) and currents were measured through the inductor (I.). Five
oscilloscope printouts were obtained at maximum loading (=19.7 Q measured) and are
labeled Figures (6-2 through 6-6). As indicated by the measured output voltage and
current recorded in Table (6-2), the effective output load resistance ranged from 19.78Q
to 19.63Q.

In Figures (6-2) through (6-4), the inductor is in the continuous conduction mode
of operation (the inductor current I, does not go to zero) and all waveforms are as
expected. In Figures (6-5) and (6-6), at higher output power the charging and discharging
of the inductor current is no longer linear. This is an expected condition. As current is
increased through the inductor, the effective permeability decreases in a nonlinear fashion
as seen in the B-H curve in Appendix A. From initial core design efforts, the expected
worst decay in inductance from no-load to full-load is =50% reducing the 1mH inductor
to =500uH. Using Figure (6.2) (=25% load) and Figure (6.5) (=100% load), an
estimate of the reduction in inductance can be made using Equation (6-1) with V. =V,

E =Vi, D =0.8, T =50usec, and Al pulled from the respective figures.

O0E-V.0
L= capT 6-1
Oar 2P (6-1)

At 25% load Al = 4.3A and at 100% load Al = 9A which corresponds to 930uH
and 440uH, respectively. Considering the no-load case is 1mH, the degradation in
inductance is 7% at 25% load and 56% at 100% load. Thus, the theoretical analysis from
Chapter 111 section B1 appears confirmed.
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Figure Vin Vout lin lout Pin Pout Efficiency
Number | Volts Volts Amps Amps Watts Watts Percent
6-2 500.3 100.5 1.13 5.08 565.3 510.5 90.3
6-3 500.0 200.0 4.24 10.14 2120.0 | 2028.0 95.6
6-4 500.1 300.2 9.38 15.28 4690.9 | 4587.1 97.8
6-5 500.2 400.3 16.52 20.39 8263.3 | 8162.12 98.7
6-6 528.2 425.0 17.62 21.65 9306.9 | 9201.25 98.9
Table 6-2, Full Load at 19.7 ohms (100% Load).

Figure Pin Pout Power Loss

Number Watts Watts Watts
6-2 565.3 510.5 54.8
6-3 2120.0 2028.0 92.0
6-4 4690.9 4587.1 103.8
6-5 8263.3 8162.12 101.2
6-6 9306.9 9201.25 105.6

Table 6-3, Power Loss in Converter.
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Figure 6-2, Voltage across the IGBT (Vcg) and Current through the Inductor (1)
for one Switching Cycle with Vj,=500.3V, Vgu:= 100.5V and R| o3¢ = 19.78Q
(measured at 20.2Q with zero current).
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Figure 6-3, Voltage across the IGBT (Vcg) and Current through the Inductor (1)
for one Switching Cycle with Vi, =500.0V, Vo= 200.0V and R 5aq = 19.72Q
(measured at 20.2Q with zero current).
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Figure 6-4, Voltage across the IGBT (Vcg) and Current through the Inductor (1)
for one switching cycle with Vi, =500.1V, V= 300.2V and R 5aq = 19.65Q
(measured at 20.2Q with zero current).
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Figure 6-5, Voltage across the IGBT (Vcg) and Current through the Inductor (1)
for one Switching Cycle with V;, = 500.2V, Vgu: = 400.3V and R| pag = 19.63Q
(measured at 20.2Q with zero current).
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Figure 6-6, Voltage across the IGBT (Vcg) and Current through the Inductor (1)
for one Switching Cycle with Vj,=528.2V.4, Vot = 425V and R| o3¢ = 19.63Q
(measured at 20.2Q with zero current).
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2. Minimum-Load Testing

Minimume-load testing was performed and the data recorded is presented in Table
(6-4). As stated in the full-load test, the variac provided the input voltage at 500V. Vqt
was increased from = 100V up to = 400V by adjusting the duty cycle (front panel
potentiometer). Table (6-4) lists all values recorded and the measured efficiency at each
voltage level. Losses in the IGBT/diode package (conduction and switching losses) and
power consumed in the inductor accounted for most of the losses causing efficiencies to
be less than 100%. The IGBT was the only component that produced any heat (only
warm to the touch) all other components remained at essentially room temperature.
Power loss observed in the testing phase is listed in Table (6-5). For plotting purposes,
voltages were measured across the IGBT collector-emitter (Vcg) and currents were
measured through the inductor (I.). Five oscilloscope printouts were obtained at
minimum loading (=193 Q) and are labeled Figures (6-7 through 6-11).

Because the converter was designed to operate in continuous conduction mode
with a minimum load of R = 200Q at D = 0.8, much of this testing was done in the
discontinuous mode as seen in Figures (6-7) through (6-9). Figure (6-10) depicts the
barely continuous mode while Figure (6-11), D = 0.8, shows the converter in its designed
minimum load condition. Figure (6-11) can be used to estimate the near no-load value of
the main inductor at ImH (where Al = 4A).

Of most interest though, is the minimally damped =175kHz oscillation (5.7usec
period) that appears in Figures (6-7) through (6-9). This "ringing" between the main
inductor and IGBT body capacitance is not destructive and is actually most useful in
estimating the value of the IGBT body capacitance (Cggt = 826pF close to the
specification sheet of 720pF-900pF). If a snubber had been used on the IGBT/diode, this
ringing would have been eliminated at the cost of substantial higher converter losses.
Since the ringing takes place only under discontinuous mode and never exceeds the IGBT
or diode voltage or current specifications, it is simply an anomaly of the snubberless
design. Additionally, the 1200V/100A IGBT is protected with a 1100V MOV (Metal
Oxide Varistor).
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Figure Vin Vout lin lout Pin Pout Efficiency
Number | Volts Volts Amps Amps Watts Watts Percent
6-7 500.1 100.3 0.14 0.52 70.01 52.16 745
6-8 501.0 200.0 0.47 1.04 235.47 | 208.00 88.3
6-9 500.4 300.5 1.00 1.56 500.40 | 468.78 93.7
6-10 500.7 376.2 1.53 1.95 766.07 | 733.59 95.8
6-11 500.8 400.1 1.72 2.07 861.38 | 828.21 96.1
Table 6-4, Minimum Load at =193 ohms (=10% Load).

Figure Pin Pout Power Loss

Number Watts Watts Watts
6-7 70.01 52.16 17.85
6-8 235.47 208.00 27.47
6-9 500.40 468.78 31.62
6-10 766.07 733.59 32.48
6-11 861.38 828.21 33.17

Table 6-5, Power Loss in Converter.
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Figure 6-7, Voltage across the IGBT (Vcg) and Current through the Inductor (1)
for one Switching Cycle with Vi, =500.1V, Vou:= 100.3V and R o5g = 192.8Q.
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Figure 6-8, Voltage across the IGBT (Vcg) and Current through the Inductor (1)
for one Switching Cycle with Vi, =501.0V, Vou:= 200.0V and R oag = 192.8Q.
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Figure 6-9, Voltage across the IGBT (Vcg) and Current through the Inductor (1)
for one Switching Cycle with Vi, =500.4V, Vou,:= 300.5V and R oag = 192.8Q.
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Figure 6-10, Voltage across the IGBT (Vcg) and Current through the Inductor (1)
for one Switching Cycle with Vi, =500.7V, Vou:= 376.2V and R oag = 192.8Q.
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Figure 6-11, Voltage across the IGBT (Vcg) and Current through the Inductor (1)
for one Switching Cycle with Vi, =500.8V, V,u,:=400.1V and Ry ,aq = 192.8Q.
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3. Transient-Analysis Testing

The purpose of this section is to compare laboratory transient results with that of
the SIMULINK transient results (Appendix B contains the MATLAB code and detailed
SIMULINK model). The transient test was setup as illustrated in Figure (6-12). To
ensure accuracy during testing, the actual loads used in the lab equaled the loads used in

the simulation to within +£0.21Q.

360Hz Filter Capacitors 10mF each

Tr 2 " "

FUSE \—L re——

504 +

- . Power Source
0-530%dc
480y
Variac ki
i .3 )L.
> e P—

208/120V130A/3-phase This section used for Transient Analysis

Fluke DWh lin Fluke DV lout
Tmv 1A 115V Control Power Tmv: 14
T 5% Duty Cycle
Ton=-7.5
Shunt Shunt on me
In Out /
+ o A\ SSCM A
Tmilli-ohm Sl 1rnilli-ohm Switch Control
Base Load ~76 ohm at 3 Additional Load ~27 5 2
~26.65% rated current at 400 70 ohm at ~100.15% rated £275
current at 400
-

Figure 6-12, Transient Analysis Test Circuit.

Before starting the transient test, the two load conditions for transient analysis
were documented in Table (6-6). Once the test conditions were established, the load was
switched from 76Q to 20Q to 76Q while maintaining an output voltage of = 400V.
Switching the load in this manner provided a 26.65% rated current flow at 76Q and a
100.15% rated current flow at 20.21Q. As can be observed in Figure (6-13), the output
voltage transient is = = 3V for the simulation and = + 5V for the actual converter. The

waveform shapes reasonably match except for the inductor current step to full load. The
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much larger transient in the inductor is thought to be due to the more than 50% loss in

inductance at full load (which is not currently incorporated in the simulation).

Figure | Transient | Vi, Vout lin lout Pout RiLoap
Number Step Volts | Volts | Amps | Amps Watts

6-13 1 528.1 | 4049 | 4.32 5.33 2158.12 75.96Q

6-13 2 472.5 | 4049 | 17.84 | 20.03 8110.15 20.21Q

Table 6-6, Transient Analysis.
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Part B Experimental Results

Figure 6-13, Voltage across the Capacitor (Vo) and Current through the Inductor
(1) for Vi, =528.1V, Vot = 404.9V and 20.21Q < R} a9 £75.96Q *5%.

109




D. SUMMARY

This chapter outlined the test results on the SSCM found in the laboratory and

through simulation. The following tests were conducted on the SSCM in the lab to verify

proper operation:

over-current time-out,

over-temperature shutdown,

pulse-by-pulse current limiting,

full-load testing (complete duty cycle range),
minimum-load testing (complete duty cycle range),
pushbutton reset operation,

airflow through unit and heat generated (minimal),
transient analysis and,

discontinuous operation.

In Chapter VII, conclusions and accomplishments in the design project are addressed as

well as possible future work in this area.
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VII. CONCLUSIONS

A SUMMARY OF FINDINGS

This research documented the design and construction of an 8kW dc-dc converter.

The converter will be placed into a larger testbed for a small-scale Integrated Power

System (IPS) to be assembled by ESAC. The key areas covered in the thesis are:

Detailed schematics,

Detailed component parts/manufactures lists,
MATLAB/SIMULINK detailed models,
Documented component selection,

Lab testing to validate design,
Rugged/dependable/durable design,

Easy access to unit for troubleshooting,
Monitoring and testing capability,

Lessons learned (throughout thesis),
Interface capable,

Multiple mode configurations.

The SSCM design process began with component selection for the SSCM power

section. Components were selected based on specifications provided by ESAC, available

components, and theoretical calculations. Chapter 111 detailed the component selection

process while Chapter IV documented the design of the closed-loop control algorithm.

Each circuit was independently built and tested prior to final assembly. The dSPACE

1103 controller board and development software was utilized to test the control and

PWM circuitry and proved to be an invaluable tool for design. A standard rack mount

cabinet was used. The SSCM was constructed to be rugged, transportable, accessible,

and possess the required space to efficiently house all required components. Digital

pictures of each stage of the assembly were taken and recorded in Chapter V to assist in

the construction and layout of future SSCM designs.
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During construction, a detailed SIMULINK model of the SSCM was developed to

test the control system for stability and capture the transient response. Once construction

was completed, the SSCM was tested in the lab to ensure all protection circuitry

functioned properly and that the SSCM met or exceeded all required system

specifications.

B. FUTURE WORK

With DCZEDS offering enhanced survivability and improved automation,

continued research in dc-dc converters is vital for the future of naval ship electrical

systems. Many issues still must to be addressed in this design area. Possible areas for

future research include:

Electrical shielding of the SSCM to prevent switching noise interference,
Soft-switching units to increase SSCM efficiency,

The construction of a reduced-scale IPS at NPS to facilitate additional student
thesis projects,

Further and much more detailed use of dSPACE as a design tool,
Construction of many SSCMs at different frequencies and power levels to

compare efficiencies.

With IPS selected for DD-21, it is vital for research to continue in this area. DC-

DC converters are an integral part of any DC distribution system and the Navy must

continue with research in this area to ensure successful and reliable systems are delivered

to the fleet.
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APPENDIX A. DATA SHEETS
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B. SEMIKRON IGBT DRIVER BOARD

Absolute Maximum Ratings (Ta=25 "C)
Symbal | Term Walas Linit
Vs Supply vollage pimary 18 v
Wi Inpuits igral voltage (HIGH) VE+03 W

{ha 15 W ard S inpul leal)
Ioulppss | Dulpul pask curmanl +a 3
Iouks s | Output averagas curmant [ma ) + 1000 mi
Vs Colectar-smitler vakage sense TR i g )
dhvldt Rate of re and Bl of woltage

{secondary o primary side) s AR
Vim0 teclation e woll IN-CHUIT {1, @00 =
Fgenme || minimal Rgae 2.7 i
Ryepme | minimal Fgae 7 i
O piusse | charge per pulse 9.6 pc
Tep Diperpling lamparalium - 25 ..+ 85 [
Tug Siorage tamparabuna —-25..+ 8% c
Electrical Charactaristics [Ta=25 "C)
Symbal | Term Walues Wit

min  fyp max

Vg Supgly vollage primary 144 150 168 v
s Supply curmant (max.) na" A
Iz Supgly cumant primary side {no kad) 80 ma
Virs input threshoid valiage (HIGH] for

15V Input el 12,5 v

far 5 inpa beed 2.4 W
Wir— Input thrashold voltage (LOW) for

15 W inpul ksl a6 W

for & W inpan lpvel 0,50 W
Viagan Turmi-an cutput gats vollage 415 W
Vengam Tum-aff culpul gals vollage -8 v
f Mamirnum oparaling lregquency sea Nig. 15
td{on)s | Inpt-oubput fum-on propagation Sme 14% [T
toffio | inpul-output turn-off propagation Bme 147 s
By Emroe input-puipd propagatian Sme 10" ps
Vieeim Rederenca voitage for Vg

manioring 52%r63" v
B input resistance 10 ki
[ inbemial gt resistor for OM signal 2% ¥
Fgen Inteemial gaile resistor tor DFF signal 2z ¥}
Cra Primary o sscondary cagacilanoe 12 pF

T Thig current value s 8 function of e culpul losd condilion

3 Typical

4]

wahg

1 This valun does nof considar ton of IGET and bur adiusied by Roe and Goe
labched 1o be used with IGBTs < 100 A; for higher curents, sse able 2

Wth Rl = 18 B, Cop = 330 pF, sae g, B {SEH A0 Tor BEET up 1o 1300 V)
With Figp = 36 kL2, Cop = 470 pF; (SEHI 1017, for KSET up 1o 1700 V)

SEMIDRIVER"™

High Power IGBT Driver
SKHI 10 ¥
SKHI 10/7 &

Features

»  Single driver circuit for high
power IGBTS

& SMHI 10 drives ol SEMIERON
IWEETs with Vess up o 1200 W
{factory adusiment ol Viogs-mo-
nitowing for 1200 V-IGET)

« SKHI 1017 drves all SER-
KROMN 1GBTs with Vo ap o
1700 v I:I'IEIIDI'.' ac psimaeng of
Ves-mgmilading Tar 1700 V-
IZBT)

¢ CMOSITTL (HCMOS)
cormpatibhe input bufers

= Shonl circull prolectaon by Vs
miznitaring

« Salt shoi circist fum-pf

+  Isolation due 1o ransformens (no
LD GOk

«  Supply undervoltage monitoring
(< 13V}

« Error memory | oulpuet signal
(LOAY oF HIGH logic)

& Iniernal solaled powos supply

Typical Applications

= High frequancy SMFS
« Braking choppars

= Asyrmmairical bricges
«  High power UPS

&by SEMIKRON
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SEMIDRIVER® SKHI 10
SEMIDRIVER” SKHI 1017
High Power Single IGBT Driver

General

The § single 1GET diver, SKEHND respectively
SKHI 1017 s a standard driver for all posser BS8TS on Bhe
marked.

Thae high power output capability was designed o swilch
high curment modules or sevaral paraligled 1GBETS gwen for
high frequency applicalions. The outpul bufler has bean
improved  to makes it possible o swilch up to 4004 1GBET
modules &l lrequencss up i 20EHE.

A new Tunclion kas been added bo the shor crcuil prolescti-
an clrculbny (Soft Tum O, this autcmalically incraases tha
IGET lurm off lime and henos reduces the DS vollage
aw spikes, snabling e use al higher DC-bus
wollagas, This means an increasa in e final culpul power,
An inbegraled DCDC converler with high gakaanic isolaton
14 kV) ensures that the user is protected from tha high
wollaga (sacondary side)

Th poswer Supplies for the driver mny be e Same as used
in the cominal boand (00+15Y] without the requiremant of
molstion. All information that is fransmitted betwsaen inpul
and output uses ferribe ransformens, resulting in high dwidl
ity (TSEVNiE])

The driver inpul stage s conneched dinscly (o the conbrol
Boand oulpul ard diss 0 diferenl conbid boand apedating
walagas the SEHIDS inpul Crcuil includes & user vollage
lervarl selector (+18W ar +5W).

in tha follpwing anly tha dasignation SEH 10 5 wsed, This
= valid for Balh diver wemiors. | something = 0 be
axplained special to SKHI 10T i will be deschiped by
marking SKHI 1017,

A. Featuras and Configuration of the Driver

& short descriptian is given below. Far detailed information,

plagsa reler o saction B,

a) Tha SKHITD has an INFUT LEVEL SELECTDR cecuil
which is adusted by J1 for beo different levels. it s
prasant for CMOS (15V) kvel, but can be changed by
the user o HCMOS (5V] leved by solder bridging e
pads marked J1 ogather. For long input cables, we do
Aol recomimend (ha 5Y level due o posaible disturban-
s ernited by the power gide,

b} The ERROR MEMORY blocks the transmission of al
furm-on signals o the [GET # aiher & shon cicut or
rmalfunclion of Wy, is detected, and Sends a sgnal io the
axigmal contnl board through an apen colechor ramnsi-
shar

] WWith a FERRITE TREANSFORMER [ha infoemalion e
raaan primary and secandary may flow in bath direci-
ang and high keseds of dyidl and isalalion are obtained.

di & high freguency DCDC COMVERTER avoids the
requinament of esdermal Eolred power Supples (o ob-
tain the necessary gate woliege. An teolated farfie
transformer in half-bridge configuration supplies e

necassary power o the gabe of the IGET. With this
feartune, we can use the Same poswer Supply wsed in the
aexhermal control circuit, evsen if s ane using mone han
o SKHIND, a.g. in H-bridge configurations.

&) Sho circul prolecion | provided by maasuring the
collecior-amittar voltage with a Vo MONITORING
ﬂMMMﬂMIﬂmIH&H&MMHm!M

mj’l:llﬂl‘.'ﬂ'mﬂd by Roe.Coe) and decraases the
speaad (adjushed by Blaee-SC) of tha KEBT, SOFT
TURN-OFF wunder faul condilions i necassary as it
reducas the voltage overshoot and allkows for a fastar
Tum off during normmal cparation,

N Tha ZUTPLUT BUFFER & responsitle for prosiding mhe
cormect current to the gate of tha IGET. H these signals
o mol harea sulliciant powar, e 1GBT will mol sadlch
propary, and addiional losses or evan the destruclion
of tha IGET may occur. According b the application
[=wilching Trequency and gate changs of the K3BT) the
equivalent vakie of Ry, and b Ry must be matched
o the optmum value. This can ba dong by putting
additional paralsl resislers .-, Fooe wilh those alnea-
iy on the board. if anly ana 1GET is to be used, {insbaad
of parallel connection) only ona catila could ba con-
nected between diver and gate by soldering the two J2
‘arpars fogathar

Fig.1 shoes @ simplifisd block disgrem of the SKHITD
driver. Some preliminary remarks will help the under-
standing:

. W*iﬁvmmmmﬂmmﬁn:&ﬂw }
and 10,11 ( Lk an inpul signal (DM or OFF command o
1ha IGBTs) from fhe control sysiem ks supplied 1o pin 2
[Vie) whare HIGH=0MN and LOW=0FF,

» Fin 5{vior) a6t secondary side is nommally conneclad 1o
the coliectar of the IGET 1o manitar Voe, but for inifial
lests withoul conrecting the IGBT § must be connected
iz pin 1 (E} bo avoid ERROR sigrnal and enable the
output Signals bo b maeasured.

« The RESET input must be connectad fo 0V 1o enable
ke Ve signal W @ is el opered, e driver will be

« To monilor the ermar signal. & pul-up ressor must ba
provided bateaen pin 3 [ERROR) and Ve,

B, Dascription of the Circuil Block Diagram (Fig. 1)

The circwit in Fig. 1 shows the inpul on the keft and output
1. Imput level cincuit

This circuit was designed o acoapt fwo different logic
voltage kvals, The standard leval s <15V (factony adjusted )
intended for roisy enviranments of wisen |ong comneclions
{1= &} cm betwean te axbemeal control drcul and SEHITG
are used. where noise immurty most be considerabs. For
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lowar pawer, and shon conneclions batwean coninol and
diiver, tha TTL-HCMOS lovel [+5V) can be sabacted by
carefully soldeding tha small areas of J1 togethar, specialky
usaedul for signails coming from P based confmliers

L1 Eoy
£
i I-“
Figd Salecting J1 for 5V level (TTL)

mmmrmmﬁm-mumammmmmnm
conneclions no speclal attention reeds 1o be Eken

[Fig. 4aj,
|+15u'|n| a5y}
JL
F3
SKMITO L’@
contrl GO [
! 15,14

Fig4a Connecting the SKHID with shart cabla

ol

i1 ]

Fig4b Conneciing the SKHID with long cabla

Citberwise, il the length & Blom or more [we Suggesd b limit
tha cale 15 aboul 1 msled), Some came mugl ba
1aken, Tha lewal shoulkd be avoided and GMOSH5Y 5
iz be used ingtead; flat cable must hawa tha pairs of
conductons fwisted or b shislded o reduce EMIAF] su-
scaptibility (Fig. 4b). If 8 shislded cable is used, it can be
conrected 1o pin 1. 1 & coupled to OV through & resisior
10 Q)

Ag tha input impedance of the INFUT LEVEL SELECTOR
cirzuil is wery high, an inbamal pull-down resistor keaps the
IGET in OFF state in case the Vin connaciion s intermpted
of lefl ron conneciad.

2. Input barffer
This circull anables and amplfias the input signal Vin o ba
transinrmed to the pulse translormer when RESET (pin 4} is
LW and also prevents spurnious Ssignals being bransmified
to the secondary side.

Thea fedlowing crarviaw |s showing tha input threshold vol-
Lages

[ Vi, {High) e we | max
15y Y 11,0V 125y
5y 1.8V 20V 24V

Vi (Low) min Byp mas
15 ENA 42V 48V
5V 0.50% 0Es W 0,80 V¥

3, Error memory and resst signal

The EAADA memany is tggersd only by follawing events:
= ghort circuit of IGETs

o Vg-undanolags
in case of short circut, the Viop maonitor sends & triggar
signal {faul lhnﬂtnmhhhmhmmhl

FLIP-FLO# on the primarny side gaving the infarmation to an
open-collscion iransision (pin J), which may be connected
0 the extamal conirl Grcuil as ERACA message in HIGH

mﬂwmﬁﬂhmm.lrﬁmm?
falis balow 13% for more than 0,5ms, the sama FLIP-FLOP
is sot and pin 3 is activated, For HIGH logic (defaul), an
exiemal A must be connectad preferentiady in the conbrol
main board. In this way the connection betwsen main boand
and drver i also chacked |
IF low-hogic version is used {J3 short-circuited), an intemal
pul-up resistor [iremally connected 1o Ws) is provided, and
i signal lrom mone SKHI0S can be connected 1ogether
1 perfamm &n wired-ar-cincuil.

m

-
o |0 o
N

2]
Wlﬂﬂnn

Fig5 (Driarsiabug information ERAORA, and RESET

The ERRACA signal may be dsabled either by RE-

SET=HIGH [pind] ar by switching the power suppily (Va) o8,

Thea wichh of the RESET pulse must ba mans than Sps, and

Lﬂudﬂﬂmﬂnﬂmﬁunkﬂmlmﬂwm
=

FALILT RESET ERROA " Vin
na 0 ] anabia
na 1 ] disabie
yers 0 1 disable
yes 1 o disabie

1) dedaukt logie (HIGH); for LOW logle e signals ane
complemantary

Table 1 ERROA signal trush tabls

The cper-collecior irensisior [pin 3) may be connecbed
through & pull-up rasssor o an extemal (inlemal Vs for he
Vow-logic” varsion) voltage supply +35V..+24Y, limiing the
current B lunk = BMA.

4. Power supgply [Vs) manitor

The supphy Wi s monilored. Il it fals below 13V an
ERAODA signal is ganamnied and the lum-on pulses for the
IGBT's gate are biocload,

B -6

Q&G
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5. Pulse iransformer

It transmits the tum-on and tum-off signals o tha IGET. In
the revarse deection the ERROR signal from the Yea
monanng & transmiged via the same fransformer. The
isplalion i 4 KV,

6. DC/DC convener

In thi primeairy side of the convvanar, & hatl-bridge Invvartar
trimnsiers fram Vs to the secondary
of @ temite iranstoomer, In the sacondary side. B full Dridge
and fillers correar e high Teg akgnaal comming From
tha primary to DC lavals [(+18V- 8 thal ame siabilsed by
& vollage regulabar creuil.

7. Output buffer

The oulpul buffer & suppled by the +15V- 8V from the
DC/DC eonveres. |f the operalion proceads normaly [no
fauit), the on- and off-signal is ransmitted to the gate of an
MEET through Fiyee and Fga The oulpd stage has a
MOSFET jpair that is abe 10 source'sink up 0 B4 poak
ciirren kTrom e gate impaoving the lum-on/ofl ime of the
IGHT, Addiionally, we can select lng=s (e Fig. 2] afther
bo discharge e gabe cagacitance wilh 8 vollage source
{siandand] or with & cumeni source. spacially design tor the
AT |GET sankes (it speads up the tum-ofl time of the
IEET) The present factony setting is vwolage sourcs (lages
= D). Ui e CimTend SOUECE lner, Ry must be 0

Mok e = WRCE CCE)

o R = DO

WEET O i
o

14 [ FCE=EKLD
CLE=X30pF

— |
j— PFCE=10#L
XX = 1[pF

B 1

o

i L i T

Figh  eew wavalomm with parameters Rice, Coe
&, Soft turn-pff

In case of short=cirowt. a further cirouit (SOFT TURN-OFF)
increases (he resietance in sanes wilh Rgy and tuns-aff
the IGBT af & lower spead. This produces. a smalker

splke (due LSTRAY x duidt) above tha DC link by reducing
e difdl value. Becavss in ircuit conditions the Ho-
mpganegis KEBT's peak cunenl increases up to 8 limes
e norninal current {up 1o 10 Limes wilh Epilaxial 1GET
structuras), and soma stray inductance s ewar presant in
pweer circuits, i must Fall i 2eco in & longer Bme ikan at
rearmaal cperation. This “soft iurm-off ime” can be reduced
by conniecting 8 parallel resislor Ree-SC (820 Fig ) with
those already on the printed circut beard.

ffow |
W s

9, V.- monitoring

This circut is responsibe for shor-cimut sensing. Due 1o
e direct measurement of Viopes on the KEET's collechor,
it blocks the cutpul buffer (throwgh the soft lume-off dreuit)
im casa of shor-circuil gnd sends 8 signal o the ERRDRE
memony on the primacy side. Tha recognition of which Vo
Ierval must ba consicanad as a short circut evenl, adusied
by Ree amd Cos (see Fig 2), and & dapands of the IGET
usad. Typical values Ao =18k and Ces =330 pF for SEHI
10 are defvered fram factory (Fig. 8, cure 23 Using SiHI
10817 thae driwer will b delivered with Reg = 38 kil and Ces
= 470 pF rom laciory.

Ther Wizene & nol stabic bul a dynamic reference which has
an exponentisl shaps slaing at about 15V 8nd deciasses
00 Vs (5% % Voees 5 10V detarninated by Roe) with &
wme constant 1{0.5 ps £ 1 £ 1ms conirollad by Geel The
W Must b I 1o rEmaEn aHoe Viopes 0 Rommsal
aparation (tha KSET & already in full saturalion)

To avoid a talse falure indicalion whean the 1GET jusl slas
o conduct (Vior value B =il oo high) some decay time
must b provided for the Vopg:. A8 tha Ve signal s
imternally limibad at 100, Bhe docay Bme of Vg must reach
this leved after Wee or a failvme indicaion will ooour [Soe
8, curve 1h A e i delined &= function ol Voees amd 1
o cait thi bast choice for R and Vi (see Fig. b cuve
2} The timea the IGET coma to the 100 (represented by &
I in Fig. 8) depends on the IGET #self and R, used.

That Rce and Gop vales can be found from Fig. ¥ by taking
B8 Vo pas 80 Ly, 88 ingut values wilh following réemarks:

o Rigg > 10KLL
lcﬂE < 2 TnF

Artention?; M this funciion & not used, Tor exampla during
the axperiméantal phasa, the Vop MONITORING must e
connecied with the EMITTER oulput 1o ekl possibie il
irdication ard conseguent gate signal blocking.

10. Ryors Ryor

Thesae lwo resisbons s responsible lor the swilching speed
af each IGET. As an IGET has input capacitance (varying
during the switching time) which must be cherged and
discharged, both resstors will dictale what Bme must be
taken o da this. The Snal valos of reestEance & Gfcull o
predicl, bacauss i depands on mary paramebers, as fol-
Ioes:

« DHCHink vokage
= strary inductanca of the circui

Tio realkize the comact swilching and shod-circult moniicring
af ona IGET some addilional external companents must be
used (Figay

The ditver is debwered with four Ry resislons (434). This
walie can be reduced o use the drivar with bigger modiles
or higher frequenciesower vollages. by putling additional
resistons in paraliel o tha cdsting ones.

& by SEMIKRON
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e

CoE
" == - -
_—il— — TR
R
e | X

= —=
1 r”‘é&:"w

T _
1 min.

o a b &l il m FOE e

Fig.78 e &3 funclion of Rce and Coe

Ther ouiputs Gee and Gyr warne privviewed 10 connect the
deiver wilh more than one (GET (paralieing). bn thal case
vl N bath signals ONAOFF saparatedy to connect ackdi-
tional external resisions Rges and Rger for aach IGET, Honly
oo MEET s 4o b used, we ko connect both paints:
iogedher ihrough J2 (ses Fig. 1 and 2}, This can be done
by saldering the twa small pads logether, which saves one
eafernal connection,

Typical component valuas: *)

SEAGET-Module

Rgon |Roon | Cos | Res | lagn
i | b | pF | Wk | B
LOKM_TSGALIZI0 1 22 | 22 13301 18 L 0
| SHM 100GALIR 230 Lt e T 1 O -
| SKM 150GALIR1230 12 112 1330118 0
KM 1 L e 2 1 e -
| SR SGA L R 230 B2 | B2 |330] 18] O
| SR 4008 1230 68 | 6812318 ] 0
KM 1230 [ 25 1 50 [200) 19 1 0 |
Takile 2a 1200V IGETdE DCdink= T
SH-IGET-Medule R |Roon | T | Rcx | lagen
i | @ | pF | k| i
SEM 2005EAL1TID B2 |B2|4T0]| 38 [ O
SHEM 300EA1TI0 B8 |68 |4T0) 35 | O
SEM 40034173 Ef |56 |470] 36 | O

Talbke 20 1700V IGBTER DCHink= 1000
*1  Only stading values, for final optimization.

The adjustment of Ry (BBotony adjusted Ryeesc = 22 1)
should ba dane observing thir avervoltsges at tha module

in case of shon circyit. When having a low inductive DG -ink
e rnodule can be Sadtched off faster.

Tha values shown shoukd be considered as standand
values for a mechanicalielectrical assembly, with ac-

""5u.|

00 ACE oy [k

Fig. B Prefered standard circuil

ceplable stray inductance level, using only cna IGET
per SKHND driver. The final optimized value can be

found cnily by measuring.
2. Parallaling IGETS

Thar paraliel connection & recommended cnly by using
IGBTe wilh hamoganeous siruclue (IGHTL kel have a
positive temgparabura coeflicant resulting in a paract cur-
rent sharing without any extemal audliary element. Afier all
SOITe cang miusl ba considarad o raach an optim zed circui
and b abbain the iotal parformance of the IGBT (Fig. 6. The
HEBTs must have independer values of R, and Rges. AR
auxiliary amittar resistor By, as wall a5 an auailanry collecion
resistor R must also be used,

Thi axiesrial resishors: Rgas, Rgos, R and Req should be
mountad on Bn eddbional circuit boand near the parallgled
rnod ules, and Bhe Bga- /Rl on i drives should be changed
o 2o ohims

The Re asswmes & valee of 0,50 and s fundion & 1o
compensals the wiring resisiance in the suxiiary amilars
:'til:;nuhm tha amittar wollage agairest ground unba-

néed.

Thiz Rles assumies a vableeof 47 03 and its function is o oeals
an average vabie of Vi in case of sho circuil for Vo

Bi-8

OB
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caartrd G W I R I S—
Fig.s  Pralermed circuil bor paralleled IGBTs e
The mechanical asssmbly of the power circuil mus! b

ﬁ:ﬂ'ﬂlﬂ'ﬂllnﬂ I irsdlLactie'a.
maximum racommended gaie charge s 9,6ul,
Sea also Fig. 14,

D. Signal Waveforms
Tha fcllowing signal wavalhomms were measured under e
conditions below:

{rrrrtanrsfares vhrvkufara

]

wVg = 15V §
* Tomty = 250 3
wload = SKM1S0GALISTD e o :

el wi 1 |
=Ace = 18ki1
“Ooa s 0P Fig.11  Output voltage {Viag) and oulput current (o)
= Upe = 1200V - 1 - 1
wlc = 1004 £ i |
All results are bypical values if not othenwise specified. ] ) i
The limi frequency of SKHI10 depends on the gate charge Voo i F
porneciad in ils oulput pins. -
If smmall IGET modubes an usad, the requency could theo- Vi DA

B e e T T L :-IL-I— | o B R R e

[e— [ala ST
VeREAAR He i |

Fig.12 Shor-cincuit and ERRAQA propagation tima
wirsl-ciss (Wi with SC already presaent)

Fig. 10 Input and oulpud volkage propagadion tima

15 by SEMIFRON ulild B1d-%
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| Vpaak=1360V

| = ‘o=, - -Vpaak=1280V
Vg <1200V APy Atz
=4 "\.:.J"- "-.""-'._._

- - l5e=8604

_.*: W Ilf'.‘:__

| V=200Vdiv H=1psidiv
II V=250Aliv

i
FUNE COUNIN S LI PP PR A N |

Fig.13 Effect of Ryet-SC in short - circuit

100
kHz _\
80

\ .

not allowed area
60 \

f i \
OINL | B
M

o

4 Qg 6 B pt 10

Fig.14 Maximum operating frequency x gate charge

retically reach 100kHz. For bigger modules or even paral-
leled modules, the maximum frequency must be determi-
nate (Fig. 14). Qg Is the total equivalent gate charge
connected to the output of the driver. The maximum allo-
wed value is limited (9,6uC), and depends on the output
internal capacitance connected to the power supply (ener-
ay storage capacitance).

E. Application / Handling

1. The CMOS inputs of the driver are extremely sensitive
to overvoltage. Voltages higher than (Vs + 0,3 V) or under
-0,3V may destroy these inputs.

Therefore the following safety requirements are to be ob-
served:

+ To make sure that the control signals do not comprise
overvoltages exceeding the above values.

¢ Protection against static discharges during handling. As
long as the hybrid driver is not completely assembled
the input terminals must be short circuited. Persons
working with CMOS devices should wear a grounded
bracelet. Any floor coverings must not be chargeable.
For transportation the input terminals must be short
circuited using, for example, conductive rubber. Places
of work must be grounded. The same foam require-
ments apply to the IGETs.

2. The connecting leads between the driver and the power
module must be as short as possible, and should be twisted.
3. Any parasitic inductance should be minimized. Over-
voltages may be damped by C or RCD snubber networks
between the main terminals [3] = C1 (+) and [2] = E2 (-) of
the power module.

4. When first operating a newly developed circuit, low
collector voltage and load current should be used in the
beginning. These values should be increased gradually,
observing the turn-off behavior of the free-wheeling diodes
and the turn-off voltage spikes across the IGBT by means
of an oscilloscope. Also the case temperature of the power
module should be monitored. When the circuit works cor-
rectly, short circuit tests can be made, starting again with
low collector voltage.

5. It is important to feed any ERROR back to the control
circult to switch the equipment off immediately in such
events. Repeated turn-on of the IGBT into a short circuit,
with a frequency of several kHz, may destroy the device.

For further details ask SEMIKRON
Nr.11224040
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C. ARNOLD PC-104 MPP CORES
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o.d. 4.000

CORMERS:

OIS Apginn
Rachri (Tral

il 2,2500ht, 0,650
Di ¥
Curbiide Diameter Irmite Diameter Heig=i
Before Cosming i OO in 2830 in e in
Fdcarmigl 1041, Bl i 52,15 imemi 1651 imm
Al Coating & 050 in W, 2195 in Wi il T TET
(e Epowg I AT mm Mas G4 15 mm Min 1772 mm M

Physical Speciications

ERtetive
hl:'l:h'lditnd' EMective

R R

Miniram
Efleoise Cose 'Windora:

herecr) i

ﬁ-rﬂ Fi'H'nd'IHu_r

I.m;fl'mfwhl

0 54560 in a8%in 3310 i in 5] ke 1M
LE20E e 24,071 pe B5ABS am AT e Mg BE an
i HEB R S ool
Electrical Specifications
qﬁumuum of
Resivtans e
Ireductarn Facks,  Indhaclarss for Full Part Mumbers
Mosinal il +- RS Whnding {Hal¥ of LD,
Permeabiity For 1000 furns Aemgninagl, | y'mil Miolyperssalloy HI-FLLX SUPER-ME5
T4y 256 (L] A-A5E1T6-2 HE-A00014-2 -
o) AT 4 [ ARSI T- 7 HE0O0E-2 LE-000%-7
] 112 LT A126112-2 00060 2 WTSA00000 2
Ty 117 {00 WE-000 72
i 154 0T - - RE-D0000- 2
125 20 D00ES ASA 2B A0 252 W0 252
14 2ER D=7 A-15T268-2 HE-C0 4] -2 —
T =2 k] A 2 He-4CH R 2
1T 16 {103 A-184116- — -
2l ERL R K] At ra.2

Heavy Film Magnet Wire Winding Data [Approximate)

Full Winging
AWG  (Half of LD, Bemaming)  Single Layer Winding

Trm B, 0 T Bgi LR
10 5h 158 158
11 — — B3 ooFEe 118
17 wh D16 b e R T T
11 a57 0263 ] I 2ME
4 513 0400 28 bOEME 241
15 fal] 0L R o0 [T =T I L]
1] (5} 10086 111 013 =9
11 1116 1580 124 Q68 313
15 1356 247 130 036 310
19 1740 185 15k Oy 413
X HEh Lk 114 a4 855
21 e 240 L] apks  bIa
a7 3320 1488 218 amd 510
21 L Eox] 250 M3 P26 RLF
24 8215 i1 m 131 M
25 423 565 ke 254 Tk
25 ERa anz R ] s AlE
21 10 1318 i76 19 We
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o.d. 5.218

i.d, 3.004/ht, 0,800
Dimensions
Dustuiche Diarrss e Irriichs Diarrster Height
CORNERS:
2135 dppr B b Clinig) 5210 i L0 in [k ]
B3 (Tl Maming 14358 mm H 52 mm 21143 mum
Arter Loy B2 nMax A1 in Min O HES n At
e Epray 15156 mm ki 710 mm kim 21,72 mm Max
Physical Specifications
Euctive Cross Misirmem Approcmals Approainase Mean
Sectional Arsa of !ﬁw Effacirse Cone Indm- w’ih o Lersgth: ol Turn Bor Full
I‘m i, Fath Fnished 125 MP?F  Winding (Half of LD,
Mna Lo Remainung]
(KRR 1367 A WLEA iy 1215 219 Es 197N
52471 cm 1112 cm 17340 cmi A1 e 1450 g 12008 o
G150 (50 ol
Electrical Specifications
Approsdmate Ratio of
D0 Rasisiands 10
Inductano: Facice,  Inductanoe for Fall Part Munber
mH =~ 8% 'I'l'hH [ Half f LD,
Pllrrmﬂn' fior 000 tums Rermaning), §umH Welyparmalloy HI-FLLE ELIFER-MSS
Ty il [alu i} A-ANNIG-2 JF-530n 4. 2 —
25 L aoms AL HEEL2 HIF-E20005- 2 RS- EATOEAS-
By i Fe ] 11 006 A R F-2 HF-E000-F WS-SR §
=Tl 155 002 — - M-S0
3y Ll [k ] - - RS- SCE-
125 an T A2 WF-SA 252 LB 1 e By
14Ty M LOCEE A1 B0 HE-2A1872
160y L5 [ pae ] A-RE1337-2 HF-53 R F -
1734 kL | 0oz A-12535R-2 - -
Ay 455 oG AN AE5-2 — -

Heavy Film Magnet Wire Winding Data [Approximate)

Full ‘Winding
ANG (Half of LD. Remaining)  Single Layer Winding

Tures Ry i Tums B L
n = - T  OOWE 66
1 = = T T
12 B O W oosM 330
13 B0 05 0 CoddE 6T
14 MEE OEI7 12 4 406
15 E L 1M 01 453
16 1T N 155 I ORI
17 nan 150 171 O@d 2
1 i L4 W O 82
1 13 23t G 0N SAE
0 T - T 0T ITE
7 5127 M6 ¥ 111 2G5
e 2471 TF] [T 1% %5
P} 164 T 820 1 217 wr
M 0 gz 175 s 118
L e 1 i; L
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D. LF347 QUAD OPERATIONAL AMPLIFIERS
LF347, LF347B
JFET-INPUT
QUAD OPERATIONAL AMPLIFIERS
SLOSM 36— MARCH 19587 — REVISED AUGUST 1954
@ Low Input Bias Current . . . 50 pA Typ D OR N PACKAGE
® Low Input Noise Current (TOR VIEW)
0.01 pA/Hz Typ | ] i
@ Low Total Harmonic Distortion 11?57[ ; :: i :&UT
@ Low Supply Current... 8 mA Typ el = 12l g +
® Gain Bandwidth . . .3 MHz Typ "-"cc+[ 4 11 ]Vcc _
@ High Slew Rate ... 13 Vius Typ 2IN+[l 5 10]] 2N+
® Pin Compatible With the LM348 2IN-[l 6 ofl 3N
20UTll 7 gl] zoUT
description

These devices are low-cost, high-speed, JFET-input operational amplifiers. They require low supply current yet
maintain a large gain-bandwidth product and a fast slew rate. In addition, their matched high-voltage JFET

inputs provide very low input bias and offset current.

The LF347 and LF347B can be used in applications such as high-speed integrators, digital-to-analog

converters, sample-and-hold eircuits, and many other circuits.
The LF347 and LF347B are characterized for operation from 0°C to 70°C.

symbol (each amplifier)

IN — -
auT
IN¢ ——— ]+
AVAILABLE OPTIONS
Vamma PACKAGE
X
Ta %) SMALL OUTLINE PLASTIC DIP
AT 25°C
(D) (N}
. . 10 my LFE3470 LF24TH
O o 700
5m LF347BD LF347BM

The D packageas ara availabla tapad and realed. Add R suffix (o the device
tyoe (a.g., LF347T0R).

absolute maximum ratings over operating free-air temperature range (unless otherwise noted)

SUpEly MOl agE, Vo b o e 18V
Supply \.rnltagel i L 18V
Differential input voltage, Vg ... o i 130V
Input valtage, Vi (see Note 1) . i +15V
Duration of output Short circUil . e unlimited

Continuous total power dissipation

See Dissipation Rating Table

Operating temperature range
Storage temperature range

0°Cta 70°C

—B5°C to 180°C

Lead temperature 1,8 mm (1/18 inch} from case for 10 seconds

NOTE 1:

260°C

Uriless otharwisa specified, the absolute masimum negalive input voltage is equal to tha negative powar supply voltage.

PRODUCTION DATA information is curent as of publication date
Praducts comiorm to specibicadons per the torms of Texas Instnaments
standard warranty. Froducbon processing does not necessarily inchude
Iesting of ol parameiers.

Copyright @ 1634, Texas Instruments Incorporated

Q'[Exns
INSTRUMENTS
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UCc1637

UC2637
CONNECTION DIAGRAM UC3637
DIL-18 (TOP VIEW) PLCC-20, LCC-20
J ar N Package (TOP VIEW)
(. L Packages
w0 e PACKAGE PIN
o St FUNCTION
m Efl F.JLII.N-:'IG"-I D.h
ot 7] olltA = >
v Lk 22 1010 NTE 3
¥ an 14 P 180 Aour 4
b [ L [s 170 ;’;
+Hm +HAm 1 ' “] 1_:}‘-‘ -;
- e b7 15f Boot P
L] 140 . 4
B0 1213 ™ .
SLIC-20 (TOP VIEW) -Bin i}
DWW Package il 11
+rma[d] |amT + Ak 12
w0 0 L
orly o L ”
= A SHUTDOWRN 15
Anur[H +ETA T =
-vu[E] DarwA +EiA 17
+¥a[F L A m
[ L] +EL EiA OUTEUT ]
wany +Am SET 20
L 10 AN
Wl N

ELECTRICAL CHARACTERISTICS: Unless otherwise statad, these specfications epply for Ta = -55°C to +125°C for the
UC1637; -25°C to +85°C for the LIC2G37; and 0°C o #70°C for the LIC3E3T,;

FISV, W5 = - 15V, T = 5V, VTH = -5Y, Rt = 16.7kil, C1= 1500pF, TasT
PARAMETER TEST CONDITIONS UCAE3TIUC263T UC3637 UNITS
min | tve [ max | min | e | max
Dacillator
Initial Accurscy T)= 25°C [Note 6) o | 1w [10s] # 0 11 | s
Weltage Stability WE = 50 1o £20V, VRN 1 = 3Y 5 r 5 7
Wrika = -3
| ampearature Stability Crar Operaling Hange (hota 3} o £ ] 2 =
FUTH Input Bles Current VriNz = 6 10 | o 10 ] -0 | o4 10 | pa
-%¥TH Input 2ias Curment VRl Z S O =10 -3 =10 -5 [Tr)
FYTH, -¥TH Imput itangr.- -2 ERE | AWVE-Z ~aed v
Error .ﬂmp"TIE‘[
Input Cffeat Yoltage Wom = Oy 15 15 | 10 | mw
Input Bies Currant Vo s DY o 3 0o =] A
|I'|p|.lt Critgal Current Vo = OV 0.1 i 0.1 L (i)
Common Mode Range W HE 5 o 208 =yaed +yg | -Wa+d Fy'E W
Open Loop Veltage Sain Ry = 10k s ] 100 a0 | 100 dE
Slew Rate 15 15 Wing
Unity CZaln Bandwidth 2 2 ilgF
LR Uriar Comimion Mode Range ] 100 [ 100 dB
PSRR VE = 225 o 220V rs | 10 s | 110 dE
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E.

UNITRODE UC3637 PWM DRIVER IC

= UNITRODE

Switched Mode Controller for DC Motor Drive

FEATURES

Single or Dual Supply
Operation

2.5V to =20V Input Supply
Range

5% Initial Oscillator
Accuracy; £ 10% Over
Temperature

Pulse-by-Pulse Current
Limiting
Under-Voltage Lockout

Shutdown Input with
Temperature Compensated
2.5V Threshold

Uncommitted PWM
Comparators for Design
Flexibility

Dual 100mA, Source/Sink
Qutput Drivers

@ % UC1637
e  UC2637
% E uUc3e37

DESCRIPTION

The UC1637 is a pulse width modulator circuit intended to be used for a variety of
PWM motor drive and amplifier applications requiring either uni-directional or bi-
directional drive circuits. When used fo replace conventional drivers, this circuit
can increase efficiency and reduce component costs for many applications. Al
necessary circuitry is included to generate an analog error signal and modulate
two bi-directional pulse train outputs in proportion to the error signal magnitude
and polarity.

This monolithic device contains a sawtooth oscillator, error amplifier, and two
PWM comparators with 2100mA output stages as standard features. Protection
circuitry includes under-voltage lockout, pulse-by-pulse current limiting, and a
shutdown port with a 2.5V temperature compensated threshold.

The UC1637 is characterized for operation over the full military temperature range
of -55°C to +125°C, while the UC2637 and UC3637 are characterized for -25°C to
+85°C and 0°C to +70°C, respectively.

ABSOLUTE MAXIMUM RATINGS (Note 1)

Supply Voltage (2Vs) ... a0V
Output Current, Source/Sink (Pinsd, 7). ... ... . o 500mA
Analog Inputs (Pins 1,2, 3,8, 9,10, 1112, 13,14, 15, 16) . . .. ... ... ... ... out s
Error Amplifier Output Current (Pin 17) .. ... ... +20mA
Oscillator Charging Current (Pin 18). ... ... ..o o i -2mA
Power Dissipation at TA=25"C (NOte 2) .. ... ..o i e 1000mwW
Power Dissipationat TC=25°C (Note 2) . ... .. ... ... ... .. . .. 2000mwW
Storage Temperature Range .. ..., ... ... . .. i -65°C to +150°C

Lead Temperature (Soldering, 10 Seconds). . ..............................+300°C
Nate 1: Currents are positive into, negafive out of the specified terminal.
Nate 2: Consult Packaging Section of Databook for thermal limitations and considerations

BLOCK DIAGRAM of package.
+AN -AN
————————————————— M —
|
|
[ SHUT 2_-5H }
UNDER- DOW| I i
LSEkauT ‘ 4] 8HUTDOWN

- — @i% Aout
R

”%’up

EfA QUTPUT

-BN +BIN
Nate! Fault latehes are reset dominant.

6/97
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UC1637

UC263T7
CONMECTION DIAGRAM UC3637
DIL-18 (TOP WIEW) PLCC-20, LCC-20
J ar N Package (TOP VIEW)
0, L Packageas
wvm =T PACKAGE PIN
o aOeur FUNCTICH
¥ EfL r.JLII.NC'IC'«vI D.h
ot 3] olliA = >
v DowN 22 12009 T 3
o an la e 180 Ao A
Bourt [F oL iE 170 :;
- +Am 1 . “] 1-:}H -;
- e o7 154 Bous 8
i 140 " 4
P10 1213 ™ .
SOIC-20 (TOP VIEW) -Bi 0
DW Package el 11
] ™ #AIH 12
wi L
v oA SHUTDOWRN 15
Aoty HEIA MY 16
v nawA +Eif, 17
+¥a[F £rL A 18
nour (1] +EL EiA CIUTEU 14
wan[E HAm SET 0
AN
NrE

ELECTRICAL CHARACTERISTICS:

Unlese otherwise stated, these spedfications apply for Ta

-55°C o +125°C for the

JC1EST 50 o #8570 for the LILAGEAT; and UFC o 7070 for the U s
15V, -VE = - 153V, ¥WTH = 3Y, WTH= -5V, Rr = 16.7idl, C1= 1500pF
PAHAMETER TEST CONLHTICNS U 63T E63 T 3637 UNITS
min | Tve | ma | min | tve | max
Oscillator
Iniibal Accurecy 253°C [Mote 6) 8.4 10 106 2] 10 11 kHz
Voltage Siebility VE = 5y to A0, VRN = 3 ] r 5 r =
Vrna = -3V
lemperature Stability Cner Operating Range (MNote 3 0.5 3 0.5 2
+WTH Input Bles Curmant WFIN 2 = GY -10 0.1 10 =10 0.1 10 A
-%TH Input Blas Currant VR EZ s O -10 -5 =14 -1.5 A
#NTH, -WTH Imput Range 5-2 WErd | ¥We-2 War2 | W
Error Amplifier

Input Cftsat Voltage vow = OV 1.5 5 1.5 10 m
Input Blegs Currant vow = OV 0.5 5 0.5 5 I
Input Cffast Cunrent Wiowm = O 0.1 1 0.1 1 i)
Commaon Mode Renge WE = +3 5 1o 20V -aed +hs | -\aed 3 W
Ohpen Loop Voltege Gain FL = 10k TS 100 a0 100 dB
Slew Rate 15 15 \ilug
Unity Saln Bandwidth 2 2 hiHz
CMRR Cner Commion Mode Renge 75 100 75 100 dB
FSRR VE = T2.5 o 220V ] 1110 T3 111 dB
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UC1637
UC2637
UC363T

ELECTRICAL CHARACTERISTICS: Unless otherwizse stated, thase specifications apply for Ta = -55°C to +1258°C for the

UC1E3T, -25°C o+

BSAC fior the LWC263T; and 0°C to #7070 for the UCAG3T: Ve =

#15Y, -V = - 15V, #\TH= 5V, TR = -5V, R = 16,71, C1 = 1500pF, Ta=Tu

PARAMETERS TEST COMDITIONS UCAG3T/UC263T L3637 UNITS
M | e [ max | i | Tve | max

Errar Amplifier (Contimued)

Output Sink Current Ve 17 = OV -50 -20 -50 -0 ma

Cutput Source Cwrrent Vre 1T = OV 5 11 5 11 mé

High Lewvel Output Woltege 13 136 13 136 W

Lo Lewel Output WVoltage -14.8 -13 -14.8 -13 W
FWM Comparators

Imput Offset Voltage Wi = 0y 20 20 m

Input Blas Currant Wiom = 0V 2 10 2 10 [irs

Impaut Hysterasls Wiom = 0V 10 10 m

Cewniman Mode range a3 = 254 1o 2200 SWiEe] #Wi5-2 | -Wae +hfe-2 W
Current Limit

Input Offset Valtage Viom = OV, To= 35°C 160 ) 200 | 30 ] 180 | 200 220 m'

Imput Offset Vaoltage T.C. -0.2 -0.& i C

Inpaut Blas Current -10 -1.5 -10 -1.5 i}

Commaon Mode Fangs 5 = +36V o £200 -E -3 | -Ws +WE-3 ] W
Shurtdown

Shutdowwn Threahold (Mota d4) 23 -2.5 2T 23 25 2T L")

Hystarasis Ay 40 m'

Impast Blas Current VPR 14 = #WE fo -VE -10 -0.5 =10 -0.5 s
Under-Voltage Lockout

Stert Thrashold (Mota 5) 4.15 5.0 $.15 5.0 W

Hystarasls 0.35 035 m'
Total Standby Curremnt

Supply Currant | | | s [ 15 | | 65 | 15 | ma
Dutput Section

Cutput Lo Lewvel IEikk = 20mA Sdf | -13 -14.8 | 13 W

lzime = 100mA -14.5 -13 -14.5 -13
Cutput High Lewvel lzouRcE = 20ma 13 13.5 13 13.5 W
IecurcE = 100mA 12 13.5 13 135
Rize Time {Mobe 3) CL= Inf, Ta= 25°C 100 | 00 100 | G600 s
Fall Time (Mota 3) CL= Inf, Ta= 25°C 100 300 100 300 ne

Note 3: These parameaters, athough guaranised over the recommandad operating conditions, are not 100% fested in production.

Note 4: Paramatar measwned with respect to +1/s (Pin &)

Note 5 Parameter measwred af +Vs (Pin &) with respect to -Ve (Pin 51

Motz 6; Rt and O referenced to Growmd,

FUNCTIOMAL DESCRIPTION

Following is a descriplion of each of the funclional bBlocks
shown in the Block Diagram.

Oscillator

The oscillator consists of two comparators, a charging
and discharging currant Sourca, a curant source sat tar-
minal, 1267 and a flip-flop. Tha upper and lower thrashald
of the cecillator wavedorm is sel externally by applying &
voltage at pins +VTH and -VTH raspactively. The £ TH Lar-

minal voltage is buffarad internally and also applad o the
I=ET termingl o devalop ihe capacitor charging cosrent
theough RT. If BT is referenced to -V's as shown in Figure
1, bath the threshold voltage and charging currant will
vary proporlionally (o the supply differential, and the oscil-
latar frequency will ramain constant. The tiangle wave-
form oscillators frequency and vollaga  amplibuda s
determinad by Ihe extemal components wsing Be formuolas
gven in Figues 1.
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UC1637
UC2637
UC3637

(+¥mH)-{-V8) gaVa)-(-Ve )} (R2+RY)

lp = R VT = (-Va) +(—m+ﬂz+na
1] [{+Va)-[-Vz)) (R3]

t - FTOvmEvml -vm o= (v8) +\ AnRoAs

Figure 1. Oscillator Setup

PWM Comparators

Two comparators are provided to perform pulse width
modulation for each of the output drivers. Inputs are un-
committed to allow maximum flexibility. The pulse width of
the outputs A and B is a function of the sign and ampli-
tude of the error signal. A nagative signal at Pin 10 and 8
will lengthen the high state of cutput A and shorten the
high state of output B. Likewise, a positive error signal re-
verses the procedure. Typically, the oscillator waveform is
comparad against the summation of the emor signal and
the level set on Pin 9 and 11.

MODULATION SCHEMES

Case A Zero Deadtime (Equal voltage on Pin 9 and Pin 11)
In this configuration, maximurn holding terque or stiffness
and position accuracy is achieved. However, the power in-
put into the motor is increased. Figure 3A shows this con-
figuration.

Case B Small Deadtime (Voltages on Pin 9 = Pin 11)

A small differential voltage between Pin 9 and 11 provides
the necessary time delay to reduce the chances of mo-
mentary short circuit in the output stage during transi-
tions, especially where power-amplifiers are used. Refer to
Figure 3B.

Case C Increased Deadtime and Deadband Mode
(Voltage on Pin 9 = Pin 11)

With the reduction of stifiness and position accuracy, the
power input into the motor around the null point of the
servo loop can be reduced or eliminated by widening the
window of the comparator circuit to a degree of accep-
tance. Where position accuracy and mechanical stiffness
is unimportant, deadband operation can be used. This is
shown in Figure 3C.

Ucie3z

GBGLE.F.?;D;; P i .
e B -
.

¥

Figure 2. Comparator Biasing

Qutput Drivers

Each output driver is capable of both sourcing and sinking
100mA steady state and up to 500mA on a pulsed basis
for rapid switching of either POWERFET or bipolar tran-
sistors. Output levels are typically -Vs + 0.2V @50mA low
level and +V's - 2.0V @50mA high level.

Error Amplifier

The error amplifier consists of a high slew rate (15V/us)
op-amp with a typical 1MHz bandwidth and low output im-
pedance. Depending on the £V's supply voltage, the com-
mon mods input range and the voltage output swing is
within 2V of the Vs supply.

Under-Voltage Lockout

An under-voltage lockout circuit holds the outputs in the
low state until a minimum of 4V is reached. At this paint,
all internal circuitry is functional and the output drivers are
enabled. If external circuitry requires a higher starting volt-
age, an over-riding voltage can be programmed through
the shutdown terminal as shown in Figure 4.
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UCc1637

UC2637
UC3637
[Pl B11}
(Pina ﬂmﬁ\ ‘// {Pinw l}—\!
Plar 1 II
mninminm |
I
I Ir !
A —=| [=—DEADTINE
]
Py
(M 0 - e = e — e
L e AN N N AN
P AT ol
oy —————— Bour BalrT l,—|—|—|—|—|—| I H I
AR —8M8M8M8M8M8— AN —8M8M8M8M8
<)
Figure 3. Modulation Schemes Showing (A) Zero Deadtime (B) Deadtime and (C) Deadband Ceonfigurations
Shutdown Comparator
The shutdown terminal may be used for implementing UC1837
various shutdown and protection schemes. By pulling the va Ve
terminal more than 2.5V below Vin, the output drivers will * *
be enabled. This can be realizad using an open collector 2.5V
gate or NPN fransistor biased to either ground or the + || A1
negative supply. Since the threshold is temperature stabi- -D': SHUTDOWN T
lized, the comparator can be used as an accurate low
voltage lockout (Figure 4) andfor delayed start as in Fig- A2
ure 5. In the shutdown mode the outputs are held in the
low state. -V
Figure 5. Delayed Start-Up
VETART = 2.5{R1+Az) 2:+RE -V's to within 3V of the +V's supply while providing excel-

ent noise rejection. Figure 6 shows a typical current

uc18ay Sense circuit.
+Vs Va
2.5%
ey ] | R1
E: SHUTDOWN
R2
-¥a

Figure 4. External Under-Voltage Lockout

Current Limit =
A latched current limit amplifier with an internal 200mY TWISTED PAIR

offset is provided to allow pulse-by-pulse current limiting.
Differential inputs will accept common mode signals from

Figure 6. Cumrent Limit Sensing
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UC1637
UCc2637
UC3637
+24Y N N
méuké “é
- +BY
v " BHUT-
a L DOWN 04 4.7v2 u.ﬂ| 4
7.5k y L! pl.) 512
0ApF | % 9.9k 2.3k
T § 1.ﬂ|§ L=
Sk B LEE
- L ?] i *
a L L 15 3.5k
E 10K 7.66 > 2Bk 2R
2
R T
4]
ol
% | ok [
12k 1
L | p2apF | =
j‘m. 10k 7.5k
i
Tt P E—
a7 = =

Figure 7. Bi-Directional Motor Drive with Speed Control Power-Amplifier

" .
[1=E] L L
- AN
Ve SHUT- -
+ Tn SHUT- 5
% 3l Agurt |[#]
= 1|+¥TH X
2
% —+—12]6T  yuciesr ]
Bout Eﬂ ] I |
% ? T é == J‘j
_ AP *
POSITION
COMMAND
VOLTAGE %
POBITION FEEDBACK VOLTAGE
== =

Figure 8. Single Supply Position Serve Motor Drive
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F. MALLORY ELECTROLYTIC CAPACITOR

NACC Specification Sheet
For Reference Only MALI-O RY a

Horh Ametizon Capaciordormpeny

Part Number: CGHI102T450V3L Product Tvpe: CGH
Capacitance (uF): 1,000 Operating Temperature (°C): -40 to +85
Working Volts (WVDC): 450 Surge Volts (SVDC): 325
Tolerance (+%): -10% +75%

Sleeve Material: Blue PVC Thickness: oog"

Max ESR @ 120Hz - 25°C (MOhms): 834
Max ESR (@ 20KHz - 25°C (MOhms): 534
Max Iac (@ 120Hz - 85°C (RMS Amps): 4.8
Max Ripple @ 20KHz - 85°C (RMS Amps): 6.0
Max DC Leakage Cwrrent:

I= 006 ¥CY after 5 Minutes

Mot to exceed 6 mb

o U= Capacitance in pF
o V=Rated Voltage
o [=Leakage Corrent in mé

Performance Specifications

Dimensions After application of rated DC voltage for

Millimeters (Inches 1000 hours at + 85%C.

HH

o CAP =10 % from initial measurement

o DF <175 % from mitial measurement

==

o DCL miial specified limits

Ripple Multipliers
The marimum tipple cutrent at 85°C and 120 Hz is shown in the Stanard Rating Table.
M axitmum tipple cuttent may be adjusted by the multipliers in the following tables.

Rated Ripple Multiphiers Ripple Ripple
WVDC |120Hz 400Hz 1XHz 2 SKHz 10K Hz Multiplier Multiplier
125010500/ 1.000 1080 1113 1175 | 1230 | #85°C| 100 |[+55°C | 200
|475°C | 140 |[a5C | 225
465 | 170 |[435°C | 245

Ambient
Temp.

Ambient
Temp.

Other Information

Shelf Life Test: Use a citculating air oven as ahove for rated shelf 1ife + 6 hours. Allow capacitors to cool to room temperatute and stabilize for & minimum of 16 houts.
Capacitance, E3R and DCL will meet initial recuirements.

Shelf Life: Capacitors stored more than 5 years should be checked for DL to see if they meet requitements. Apply rated VOO for 30 mimtes through & 1000 Ohun resister to
hting DCL within limits.
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G. CLN-50 CURRENT SENSORS

Model CLN-50/100

Description

Models CLN-50 and CLN-100 are closed loop Hall effect current sensors that accurately measure dc and ac

current and provide electrical isolation between the current carrying conductor and the output of the sensor.

Electrical Speclflcatlons CLN-50 CLN-100
Nominal current (I} .. vevirieeee... — B0 A rms 100 A rms
Measuring range viviiee.. — O to = 90 A Oto+ 150A —
Sense resistor ..o e R. min. R. max. R. min. R. max.
with + 12 Vat =+ 70 A peak ................. 50 ohms 90 ohms n/a n/a
at + 100 A peak ............... na n/a 30 ohms 55 ohms
at + 150 A peak na n/a 10 ohms 25 ohms
with £ 15 V at £ 90 A peak .......... 70 ohms 100 ohms n/a n/a
at + 100 A peak na n/a 30 ohms 85 ohms
at + 150 A peak .............. na n/a 30 ohms 40 ohms
Nominal analog output current .......ccccocovvvvveee. —— 50 mA 100 mA ——
Turns ratio . . 1:1000 1:1000 —
Overall accuracg.r at 25 "C and + 12 V.. = 0.9% of |, = 0.9% of || —
Overall accuracy at 25 °C and = 15 V ... — = 0.5% of |, + 0.5% of |, —
Supply voltage (Vdc) ...oocoviiiiiii v 2 12t0 215 (£ B%)——— =+ 12 to = 15 (= 5%)
Dielectric strength......coocooveviiieeeiieeees 3 kV rms/50 Hz/1 min. —— 3 kV rms/50 Hz/1 min.
(between the current carrying conductor
and the output of the sensor)
Accuracy-Dynamic Performance
Zero current offset at 25 °C ..ooooiiiiiiiieies + 0.2 mA max.—— = 0.2 mA max.

Offset current temperature drift ..
between 0 °C and +70 °C ....cccoeiiiiieens
between -25 °C and +85 °C ....ccccvvvenenen.

+ 0.3 mA typ., + 0.6 mA max. + 0.3 mA typ., = 0.6 mA max.
+ 0.3 mA typ., + 0.8 mA max. + 0.3 mA typ., = 0.8 mA max.

Linearity ... better than +0.1% —— better than £0.1% —
Response tlme less than 500 ns —————— less than 500 ns ——
di/dt accurately followed — better than 100 A/ys ———— better than 100 A/us —
Bandwidth .. —0 to 150 kHz (-1 dB}— 0 to 150 kHz (-1 dB) —
General Information
Operating temperature ........ccccvvveveeeieienieiencns — 40°Cto+85°C — 40 °Cto +85°C ——
Storage temperature .. .. —— 40°Cto +90°C ———— 40 °Cto +90 °C ——
Current drain {(plus output current] — 10mA fat £ 15 V)———— 14 mA (at + 15 V) —
Coil resistance

at+ 70 °C ... 30 ohms 30 ohms

at+ 85 °C ... 35 ohms 35 ohms
Package .....ccooeeevivieiiiice v i svinicee e eevnne. ——————— Flame retarded plastic case
Weight ... ————— 18 grams 21 grams
Mounting — Designed to mount on PCB via thru hole connection pins —
Aperture .............. 0.530" x 0.390” (13.5 mm x 10 mm)

Output reference ......cccocevevvevvvvvvieceicievvenenen... 10 Obtain a positive output on the terminal marked "0/P", aper-
ture current must flow in the direction of the arrow (conventional flow)

Notes

1. The temperature of the current carrying conductor should notexceed 907
2. Dueto continuous process improvement, all specifications listed in this catalog subject to change without notice.
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Model CLN-50/100

Mechanical Dimensions
All dimensions are in inches (milimeters)
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H. ANALOG DEVICES LOW DISTORTION ISOLATION AMP

ANALOG
DEVICES

120 kHz Bandwidth, Low Distortion,

Isolation Amplifier

AD215

FEATURES

Isolation Voltage Rating: 1,500 W rms

Wide Bandwidth: 120 kHz, Full Power (-3 dB)

Rapid Slew Rate: & W/ps

Fast Settling Time: 9 ps

Lows Harmonle Distortion: -80 dB & 1 kHz

Lowr Nonlinearity: =0.005%

Wide Output Ramge: =10V, min [Bufferad)

Bullt-in lsolated Power Supply: =15 WV de & =10 mA
Performance Rated over -40°C to +B85°C

APPLICATIONS INCLUDE

High Speed Data Acquisition Systems
Power Line and Transient Monitors
Multichannel Muxed Input Isslation
Wavelorm Recording Instrumentation
Power Supply Contrels

Wibratlon Analysis

GEMERAL DESCRIPTION

The AL is a high speed ingat solation amplilies designed o
molate and amplily wide bandwidth analog signals. The innova
tive circuit and transformers design ol the ADZ2 15 ensures wide
band dynemic characterstics while pressrving key de performsnes
specilications.

The ADZLL provides comglete galvanic solation bepwesn Hhe
impui and caipal of the device including the wser-available
front-end solated power supplies. The functionally complete
design, powered by a £15 ¥ de supply, eliminates the need lor a
vised supplied isolated dedde comverber. This permits the designer

Lo amanimize circuit overhead and redice overall system desian
complexity and component ooais.

Thee design of the ADZ215 amphasizes maximuom fexibiliny and
eage of use inoa broad range of applcations whese fass analog
sigmals must be messared under high commen-mode soliage
[CMV) conditions. The ADZLS has a £ 10Y inputioutpa
range, a specilied gain range of 1V 1o 10V, a buffered our
put with offset irim and & user-available sslated front-end
power supply which produces £15 W de at £ 10 mA.

PRODUCT HIGHLIGHTS

High Spesd Dynamic Characteristies: The ADZ 15 features
a typical full-power bandwidth of 120 kHz (100 kHz min}, rise
tigme ol 3 ps and settling time of 9 s, The high speed peror
risance of the AD2 1S allows for unsurpassed galvanic Bolation
of wirtually any wideband dynamic signal.

REV. O

Intarmation fumished by Analog Devices is belesed (o be accurate and
rzliabile. However, no responsibiity is assumed by Analog Devices for its
wse, o o any infrmgements of patems or other righis ol thed panies
which may result rom s use. Mo license is granted by implcation o
athenwiss under any paterit or patent nghts of Analog Devices.

FUNCTIONAL BLOCK DIAGRAM

e

Flexible Input and Buffered Cutput Stages: An uncommit
tesd op armp i provided on the inpat stage of the ADE 1S 1o
allow for ingat buffering or amplification and signal condition
g, The ADZ15 aleo features a buffered outpat stage o drive
lowy irmpeedance koads amd an catpot woltage trim for zeroing the
output offset whess needed.

High Acewracy: The AIDZ1E has a tvpical nonlinearicy of
£0.00E%: (B grade) of full-scabe range and the total armonic
distortion i typically 80 dB ac 1 kHez The ADZTS provides
designers with complete isolation of the desired signal withour
loss ol signal integrity or quality.

Excellent Commbon-Maede Performance: The ADZ158Y
[ADRTEAY) provides 1500 Y rms (TS0W mis] commion-mode
voltage protection from iis mpat foooutput. Both grades feature
a bow common-mode capacitance of 4.5 pF inclusive of the
dofde power isclation. This results ina typical common-mode
rejection specilication of 105 dB and a bow leakage current of
20 ems max (240 % ems, G0 He).

Isolated Power: An unregulated solated power supply of
210 W de @ 2 10 md s available at the isclated input post of
the ATNE LS. This permits the use of ancillary selated front-end
amplifiers or signal conditioning compoments without the need
[ separate defde supply. Even the excitation of tramsducers
caf he accomplished in most applications,

Rated Perforimance over the 40°C to +85°C Temperature
Range: With an extended wdustrial femperatune range rating,
the ADZ 1S & an ideal solation solution for use in many dus
trial environments.

& Analog Devices, Inc., TH9E

O Technology Way, PO Bax 9106, Norwood, MA 02062-8106, ULSAL
Tel: 61773254700 Fax: §17/326-2702
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A021 S—SP ECI FICH”ONS (Typleal @ +25°C, W5 = 215V de, 2 KOY oulput foad, unless otherwise natad )

ADZISAYBY
Parameter Conditions Min  Typ Max Units
Gl
[ange' 1t W
Esror G = 1WA, Mo Load on ¥eg .5 +2 %
vi, Temperaire 00 1o +BS°C +15 P
400 1o (P C +6{) pi
vi. Supply Voliage {15 de oo 165 de) + 10k ppmdy
va. Faodated Supply Load® 21 PR
Monlinearity’
ADZIERY Grade £ 10V Dutpue Swing, G = [V +0005  £0015 | %
£ 10V Oeput Swing, G = 10V +{01 %
ADZIEAY Grade 10V Dutput Swing, G = [V 0l £ 00dEE | ®
£ 10V Ouepur Swing, G = 100V {025 %
[MPUT VOLTAGE RATIMNGS
Input Voliage Hating Go= 1V +10 v
Waximum Safe Differential Range [+ or [M-, fo [N COM +14 WV
CRER af lopu Op Aangp (L db
lecdation YVeliage Rating? Input bo Catpat, AC. 60 Hz
ADZIARY Grade [ 0% Tested! | ik WVorms
ADZIAAY Crade [ (% Tested! T80 Vorms
[MIRR (faolaton Mode Rejeetion Ratio) | Fe = DO IN+ & IM-), G = 1WA, B Hz 120 AR
B = 100N (1IN & IM-), 6= 1 WAL T kHe 1o ik
o= DO TN+ & IM-), G = 1WA, LD kHz #i AR
Bl = 1 RCE ([N 8 IN-DL 6= 1V, Gl He 105 dl
o= 1RO (IM+ & IN-)L 6= TV, | RHE #5 dB
Pl = 1R ([N 8 IN-DLGo= 1TV, 1kHz 63 dl
| eakage Cisrrent, [npul to Ol st 240V s, B0 He 2 TN
[MPUT IMPEDANCE
[ifferential G= 1V 16 hii1
Comimon Mode 2|15 GOl |pk
[MPUT OFFSET VOLTAGE
[midial 42500 +ii4 +2.0 mY
va. Temperaiure 000 1o +B5°C +2 IV
400 1o (PC 20 T
OUTPUT OFFSET VOLTAGE
[itial 42590, Trimmakde o feno i 35 80 mY
v, Temperatuse 0 b +BEC +30 [TLR
40°C o (P i1 T
v, Supply Voltage 350 [TLRN
s, [oolated Supply Load® KH] WA
[MPUT BIAS CLIRRERNT]
[nitial &+ 2500 ) nd
va, Temperatune 0P o+ H5RC 4] i,
[MPUT DMFFEREMNCE CURRENT
[midial 42500 +3 nh,
va. Temperaiure A0 1o+ HA'C 4 mA
[MPUT VOLTAGE MOISE
[npue Voltage Mo Frequency = 10 Hz 20 iz
Y NAMIC RESPOMSE (2 k(2 Load)
Fadl Signal Bandwidih (-3 di5) Go= TV, 20V pleph Signal 1 (e} | 2 kHz
I'ransport Delay® 2.2 IS
Slew [Hate 10 W Ouepur Swing & Wi
Fise Time DO v GG, + 100 Chuepait Swing 3 s
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AD215

ADZISAYBY
Paramweter Conditions Min  Tvp Max Units
DY MAMIC RESPOMNSE (2 k(1 Load) Cont.
Setiling Time to £0. 1050, £ 100V Ouitput Swing k! i
Overshoot I %
Harmenic Distortion Components ] kHz &0 dB
10 kHe 65 dB
Cverload Recovery Time G=1VW, £15 ¥ Dyrive b s
Ohutpuit Ovesload Recovery Time G=h (] i
RATED OUTPLUT
Voltage Ot HI b Ot 1O 10 W
Cadreai 2 kLl Load 15 mh
Max Capacitve Load 5 pF
Cutput Resistance I i
Chatput Ripgple and Moise? | bHz Bandwidth (4] mY ph-pk
Ll kHz Bandwidth 25 mY pk-pk
[SOLATED POWER OUTPUT®
Voltage Mo Liosad +14.25 15 1725 | W
vi. Temperatuse P o +B5°C #20 mY/"C
404 1o P #25 mWC
Cudrent at Rated Supply Voltage=* 10 mA
Fegulation Mo Load fo Full Load an my
Line Regulation 20 myY
Ripple | MHz Bandwidth, Mo Load® 5 mY rims
POWER SLIPFLY
Supply Voltage Rated Pedfosmance +145 15 +16.5 W
Operating™ +14.25 +17 W
Curren Operating [+ 15V def~15 Y de Supplies) =18 mh
IEMPERATURE RANCE
Fated Perlormance 40 15 i
Slorage 40 +15 i
NOTES

"The gadn rangs: of the ADRLE & spciled Eom 1 e 10 The AL can sl be e with gatrs of we oo 100 WY, With o gainaf D W 2 20% medaciion nihe
348 haxabwidih specificatban oocwrs and the nankearity degrades v 2002% gpleal.

"Whan the Isalated supply Inad excesds 1 md, exemal Nlwr capacios are required inondes o ansura tsat the galn, offat, and nanlineangy specificatians are pre
servadl and 10 makntan the selaed supply Sall kad rippk below thae specified S0 mV ms. A& value of 6.8 pF 15 ecommended,

':‘\.u.l'_rifllf. b spaciihed a8 o parcend (of Iull-scade rangs| daviatlon mm & Bost simeght B,

T lsslatban bareker (and raeg) of eeery ADELE 18 0% sest=d In prodiscon using a b sicond partal dicharge e wits & ik detecrion threshakd of 150 gl All
B graila chvices ane tested with @ mindmum solage of 1,800V rms, AR A7 grade deyioes are tessed with a mdmiss valgs of 850 Y s

e alborieed 80 warm up o appanxdssarely 1L minunes helose amy gain ;

"Esvalemi to ad.8 degrees phiesa ghif

Wb e £15 W e power supply pires bypassed by 2.2 uF capeiors at the ADZ IS pins

Tt ."||:|i'.'|'_u.|.1.IH_|I.i.l"\. nal prowlde sbort clneall protection of b kolaied power supply. & cusrent Hmiilng resksar ssay be placed In segies with the Eolaied

iliar offeat ad|ustmanis ae made

qual +13 Ve, the al2g
S5 b0 coic aparatieg praparly. Vinltags areaies

#y gapply up oo+ 13 s, Iroms the o
than £17.5 Y den

14.26 ¥ de sy cauise o

ALZIS and consequantly Sould mod b

darmags tha Intermal componenis of e

Specllcaross subject 5 change whhaul rodie

CAUTION
ESIY (eectrostatic discharge) sensitive device. Electromiatic charges as high s 4000V readily )
socumulate on the homem body and st equipment and can dischasge withoot delection. WARNING!

Althongh U AD21S leatures progrictary ESD protsction cireuitry, permanent danmage ey
aceur o deviees subjected o high enengy elecimostatic disclange. Therefore, proper ESD
precauiens are rectamendsd o avoid perlormance degrslation or kess ol funcliomalily.
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l. NATIONAL SEMICONDUCTOR QUAD 2-INPUT OR GATE

I
NNa-tiona-l Semiconductor

CD4071BM/CD4071BC

February 1988

Quad 2-Input OR Buffered B Series Gate

CD4081BM/CD4081BC

Quad 2-Input AND Buffered B Series Gate

General Description

These quad gates are monolithic complementary MOS
(CMOS) integrated circuits constructed with M- and P-chan-
nel enhancement mode transistors. They have equal source
and sink current capabilities and conform to standard B se-
ries output drive. The devices also have buffered outputs
which improve transfer characteristics by providing very
high gain.

All inputs protected against static discharge with diodes to
Vpp and Vgs.

Features
m Low power TTL Fan out of 2 driving 74L
compatibility or 1 driving 74LS

B 5V-10V-15V parametric ratings

® Symmetrical output characteristics

® Maximum input leakage 1 pA at 15V over full tempera-
ture range

Connection Diagrams

CD4071B Dual-In-Line Package
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Absolute Maximum Ratings nowes1a2)

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Office/Distributors for avallability and specifications.
Woltage at Any Pin — .5V to Vpp + 0.5V
Power Dissipation (Pp)

Lead Temperature (T}
Soldaring, 10 sacends)

Operating Conditions
Crperating Range (Vpp)

IVpoto15Vpe

EhJEII-In-Lir.b& 700 m Operating Temperature Ranga (Ta)

Small Outline 500 my CD4071EM, CD4081BM —85*C to +125°C
Vpp Range 0.5 Vpe to +18 Voo CD40TIBC, CD4081BC —4FC to + B5°C
Storage Temperature (Tg) —85"C o +150°C
DC Electrical Characteristics cosw718m/cD4061BM (Note 2)

—55° +25° +12
Symbol Parameter Conditions seC C C Units
Min Max Min Typ Max Min | Max
oo Ouiezcent Device | Vpg = 5V 0.25 0004 | 025 7h uh
Currant Voo = 10V 0.50 0.005 | 0.50 15 | nA
Yoo = 15V 1.0 0,006 1.0 30 wA
VoL Low Level Yop = 5V 0.05 ] .05 0.05 W
Output Voltage Vog = 10V llg) <1 pA 0.05 o 0.05 0os | v
Voo = 158V 0.05 1] 0.05 0.05 ')
Ve High Lewel Vog = 5Y 495 495 5 495 W
Output Voltage Vg = 10V [ly) = 1 pd | 9.895 8,95 10 805 )
Vpg = 15V 14.85 14.95 15 14.85 W
VL Low Lavel Voo = 5V, Vg = 0.5V 1.5 2 1.5 15 W
Input Voltage Voo = 10V, Vg = 1.0V 3.0 4 a0 a0 W
Vpp = 15Y, Vg = 1.5V 4.0 & 4.0 40 W
Vil High Lawsl Voo = 8V, Vo = 4.5V a5 3.5 3 3.5 W
Input Voltage Yoo = 10W, Vg = 2.0V 7.0 7.0 & 7.0 W
Voo = 18V, Vg = 15.5Y 11.0 11.0 ] 1.0 W
oL Low Lavel Qutput | Vpp = 5V, Vg = 0.4V 054 D51 | 088 0.36 ma
Currant Vop = 10V, Vg = 0.5V 16 13 | 225 0.9 mA
[Mote 3) Voo = 18V, Vo = 1.5V 4.2 3.4 8.8 2.4 ma,
lom High Laval Output | Vpp = 5V, Vg = 4.6V - 084 —0.51 | —0.88 —0.96 il
Currant Voo = 10V, Vg = 9.5V —1.8 -13 | —225 —0.8 mA
(Mote 3) Voo = 15Y, Vg = 13.5V 4.2 3.4 8.8 2.4 mA
lira Input Current Yoo = 15V, Wiy = OV —0.10 —10-5( —0.10 1.0 whA
Vog = 15V, Wiy = 15V 010 10-5 | o410 10 | pA

Mote 1: "Absalwte Madmum Halings™ aro those values beyond which the satety of the device cannot ba guaraniond, Except far “Oparabing Tempreraturs Hange™
1hay ara nol meant b impdy that 1he devices should be oparated a1 thase Gmils. The tabla ol “Eleciical Charactenshics” provides condions hor aciual davica

aperation

Maote 2: All \‘H-’.E.QE‘S measiurad with raspect to ".l'Ss unless atharsisa spacilied.
Mote 3: oy and kg are tesiod ono guiput at & Bmo,
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Physical Dimensions inches (milimeters)

0.785

(19.939)

MAX

_[ia] [3] [v2] [¥7] [vo] [¥] [%]

0.220-0.310
(5.588—7.874)

DN REIRTNE O R E

GLASS
| SEALANT

0.060 +0.005

———
{1.524 +0.127}

0.200
(6.080)
MAX' 5 020-0.060

0.025
(0.635)
RAD
0290-0.320 0.005
(7.366-8.128) {0.127)
MIN
9180
—— MAX 7 \
@sn)
957 +5° 86°94° TYP W
[ 10° MAX . 0.008-0.012
0.310-0.410 {0.203-0.305)
(7872-1041) 0008 __|
{2489}

MAX BOTH ENDS

-

0.018 £0.003
{0.457 0,076}
0.100 +0.090

{2,540 +0.254)

Ceramic Dual-In-Line Package (J)
Order Number CD4071BMJ, CD4071BCJ
CD4081BMJ or CD4081BCJ
NS Package Number J14A

(0.508-1.524)

s .

0.125-0.200
(3.175-5.080}

0.150

(3.81)
MIN

J144 (REV G)
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APPENDIX B. MATLAB CODE

A BUCK CONVERTER

The following MATLAB m-files were utilized in the design of the buck chopper.

1. MATLAB M-file (BUCK closeloop_bessel.m)

This m-file is used to determine gains, required control circuit resistance, open

and closed-loop transfer functions, and various plots.

%**********************************************************************

% BUCK _closeloop_bessel.m

%

% Specifications:

% 100A IGBT's

% Stable and continuous operation between 10% and 100% load
%

% This program calculates the required gains of the

% control circuitry and evaluates the open and closed-

% loop transfer function of the buck chopper. User

% inputs desired load resistance and program calculates
% required gains, resistor components, step responses, and
% bode plots.

%

% Written by; Brad L. Stallings 12-18-2000

% Last mod: April 2001

%**********************************************************************

clear
format long
format compact

%**********************************************************************

% Constants defined

%**********************************************************************

R=input(‘'Input Load resistance ‘)
T=1/20000; % switching time
E=500 % input voltage
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d=400/E % duty cycle

L=1e-3 % output inductor size
C=500e-6 % output capacitor size
w=2*pi*500; % control bandwidth

%**********************************************************************

% Desired pole specification (bessel)

%**********************************************************************

poles=w*[-0.7455+j*0.7112,-0.7455-j*0.7112,-0.9420]

S=poly(poles) % polynomial equation
S1=S(1); % coefficient one
S2=5(2); % coefficient two
S3=S(3); % coefficient three
S4=5(4); % coefficient four

%**********************************************************************

% Gain calculations

%**********************************************************************

hi=L/E*(S(2)-1/(R*C)) % current gain
hv=((L*C)/E)*(S(3)-1/(L*C)) % voltage gain
hn=(S(4)*L*C)/E % integral gain

%**********************************************************************

% Solve for unknown resistor values for control circuit.

%**********************************************************************

R101=10000 % ohm see Figure (5-7)
R102B=10000 % ohm
R102C=10000 % ohm
R106=10000 % ohm
R108=10000 % ohm
R109=10000 % ohm
R110=10000 % ohm
R112G=10000 % ohm
C107=0.1e-6 % 0.1 micro farad
R113B=150000 % ohm
R114=(50*R113B)*hi % ohm
R113C=(R114)/(1000*C107*R106*hn) % ohm
r=1000*hv;

r1=(R113B*R113C)/(R113B+R113C);
R112=((r1+R114)*R112G)/(hv*1000*r1)-R112G % ohm
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%**********************************************************************

% This section calculates the Transfer functions of Buck
% Converter (both open and closed-loop and displays various plots.

%**********************************************************************

b1=1/(R*C); % b1, b2, b3 defined
b2=E/(L*C);

b3=1/(L*C);

nl=[b2*hv,b2*hn]; % numerator terms closed-loop
d1=[1,b1+E/L*hi,b3+b2*hv,b2*hn]; % denominator terms closed-loop
roots_1=roots(dl) % roots of denominator closed-loop
sys=tf(n1,d1); % transfer function closed-loop
figure (1)

step(sys,.0055);

M=step(sys,.0055); % step response for closed-loop
figure (2)

bode(sys); % bode plot closed-loop
OS1=max(M) % Overshoot Calculation

Percent_Overshoot1=((0S1-1)/(1))*100

%**********************************************************************

% Function to verify poles obtained with the gains
% computed match desired poles

%**********************************************************************

Am=[0 -1/L E/L;1/C -1/(R*C) 0; -hv/C (hi/L)+(hv/(R*C))-hn -hi*E/L]
closed_loop_poles=eig(Am) % verifies correct poles

%**********************************************************************

%The following code examines the open-loop response

%**********************************************************************

n2=[b2*hv,b2*hn]; % numerator terms open-loop
d2=[1,b1+E/L*hi,b3,0]; % denominator terms open-loop
roots_2=roots(d2) % roots of denominator open-loop
sysopen=tf(n2,d2) % transfer function open-loop
figure (3)

bode(sysopen,{1,1e6}); % bode plot open-loop
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2. MATLAB M-file (Inductance.m)

%**********************************************************************

% Inductance.m

%

% Specifications:

% Stable/continuous operation between 10% and 100% load

%

% This program calculates the required inductance for the buck chopper
% power section.

%

% Written by; Brad L. Stallings 11-11-2000

% Last mod: December 2000

%**********************************************************************

clear
format long
format compact

%**********************************************************************

% Inputs Requested

%**********************************************************************

R=input('Input Load resistance in ohms ")

T=input('Input Switching Time in seconds )

E=input(Input Input Voltage in Volts )

Vout=input('Input Desired Output VVoltage in Volts ')

le=input(‘Input Mean length of Magnetic Path from Spec Sheetincm )

I=input(‘Input DC current through Inductor in Amps ')

L_1000=input('Input Inductance in mH for 1000 Turns from Spec sheet )
Ae=input('Input Cross Sectional Area of Magnetic Path in cm squared from Spec Sheet )

F=1/T % Switching Frequency in hertz

D=Vout/E % Duty cycle, dimensionless
Lcrit=((T*R)/2)*(1-D) % Critical inductance in henries
L=10*Lcrit % Desired inductance in henries
N=1000*(sqrt(L/L_1000)) % Required number of turns, dimensionless
H=(0.4*pi*N*1)/le % Magnetizing force in Oersteds
Bmax=(E/(sqrt(2))*1e8*(1-D))/(N*Ae*F*2) % Flux density in Gausses
u=(L*le)/(4*pi*Ae*N"2)*1e9 % Calculated Permeability

%( L is in nanohenries)
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3.

MATLAB M-files (Cap_1.m, Cap_2.m Cap_3.m, Plott_x.m)

The following detailed SIMULINK model and four m-files were utilized to

investigate the output voltage and inductor current responses. The following steps are

utilized to obtain the desired results and all steps must be conducted in the order listed:

user defines the test capacitor size in the Cap_1.m file,
execute Cap_1.m file,

execute detailed model,

execute Cap_2.m file,

execute detailed model,

execute Cap_3.m file,

execute detailed model,

execute Plott_x.m.

To access the files above, go under desktop "Thesis" and then to MATLAB files.

This project performed several runs for a multitude of capacitor values. Chapter Il

offered only two runs in order to give the user a visual on how the value of the output

capacitance can greatly influence system performance. A time step of 1E-6 must be

selected in order to portray information accurately.
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Figure B-1, SIMULINK Detailed Model of Buck Converter.
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a. MATLAB M-file (Cap_1.m)

%**************************************************************** *kkkk

% Cap_1.m

%

% M-files Cap_1.m, Cap_2.m, and Cap_3.m were written to calculate
% required output capacitance for the SSCM. The program steps load
% resistance from 10% to 100% and back to 10%. Cap_1.m is executed
% first, the integrator values that remain at the end of Cap_1.m are

% applied as the initial conditions for Cap_2.m. The integrator

% values at the end of Cap_2.m are applied as the initial conditions

% to the integrators to Cap_3.m. After the simulation is is complete,

% Plott_x.m is executed to provide capacitor voltage and inductor

% current plots.

%

% Determining SSCM Circuit Parameters, 8kW SSCM

%

% Written by: Dr. Bob Ashton Naval Postgraduate School and modified
% by Brad Stallings

% Last Mod: March 2001

%**********************************************************************

clear all;

T=1/20000; % switching time
E=500 % input voltage
d=400.0/E % duty cycle

L=1e-3 % output inductor size
C=500e-6 % output capacitor size
w=2*pi*500; % control bandwidth
rxlow=1.0;

rxhigh=10.0;

rxstart=1.0;

Rn=200.0; % load resistance initial
R=Rn/rxstart % load resistance
iI=(E*d)/R; % inductor current

%**********************************************************************

% Desired pole specification (bessel)

%**********************************************************************

poles=w*[-0.7455+j*0.7112,-0.7455-j*0.7112,-0.9420]; %Bessel pole locations
S=poly(poles) % polynomial equation
S1=S(1); % coefficient one
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S2=5(2); % coefficient two
S3=S(3); % coefficient three
S4=5(4); % coefficient four

%**********************************************************************

% Gain calculations

%**********************************************************************

hi=L/E*(S(2)-1/(R*C)) % current gain
hv=((L*C)/E)*(S(3)-1/(L*C)) % voltage gain
hn=(S(4)*L*C)/E % integral gain

%**********************************************************************

% Function to verify poles obtained with gains, match the
% desired poles.

%**********************************************************************

Am=[0 -1/L E/L

1/C -1/(R*C) 0

(-hv/C+hi/R/C)  (hi/L+hv/R/C-hi/R/R/C-hn) (-hi*E/L)];
syspole = eig(Am)/2/pi % check for correct poles
vcsd=d*E; % desired SSCM output voltage
vciv=0.0; % initial vcs integrator value
iliv=0.0; % initial il integrator value
hnintiv=0.0; % initial hn integrator value
tstart=0.0; % simulation start time
tstop=0.2; % simulation stop time
hnint=0.0; % initial integrator value
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b. MATLAB M-file (Cap_2.m)

%**********************************************************************

% Cap_2.m

%

% Parameter variation file for step change analysis.

% New SSCM Parameters

%

% Written by: Dr. Bob Ashton Naval Postgraduate School and modified
% by Brad Stallings

% Last Mod: April 2001

%**********************************************************************

R=Rn/rxhigh; % load resistor

%**********************************************************************

% Update initial conditions for integrators (leave these alone).

%**********************************************************************

vciv=ves(length(time)); % new integrator initial condition
iliv=ils(length(time)); % new integrator initial condition
hnintiv=hnint(length(time)); % new integrator initial condition

%**********************************************************************

% Concatenate paramaters (leave these alone).

%**********************************************************************
H _— H 1 47 .
timen=[timen’ time']’;
—_— ] .
vesn=[vcsn' ves']'
H —TI: (- .
ilsn=[ilsn"ils7’;
%**********************************************************************

% New simulation start and stop times (change as desired).

%**********************************************************************

tstart=tstop; % new start time
tstop=tstop + 0.03,; % new stop time
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C. MATLAB M-file (Cap_3.m)

%**********************************************************************

% Cap_3.m

%

% Parameter variation file for step change analysis.

%

% Written by: Dr. Bob Ashton Naval Postgraduate School and modified
% by Brad Stallings

% Last Mod: April 2001

%**********************************************************************

R=Rn*rxlow; % change load resistance

%**********************************************************************

% Update initial conditions for integrators (leave these alone).

%**********************************************************************

vciv=ves(length(time)); % new integrator initial conditions
iliv=ils(length(time)); % new integrator initial conditions

%**********************************************************************

% Concatenate parameters (leave these alone).

%**********************************************************************
H — H 1 4 .
timen=[timen' time']’;
— 1 .
vesn=[vcsn' ves';
H —TI: (- .
ilsn=[ilsn"ils7’;
%**********************************************************************

% New simulation start and stop times (change as desired).

%**********************************************************************

tstart=tstop; % new start time
tstop=tstop + 0.03,; % new stop time
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d. MATLAB M-file (Plott_x.m)

%******************************************************************

% Plott_x.m

%

% Multi-loop plot file for step responses.

% Run this file after Cap_1.m, Cap_2.m, and Cap_3.m are executed.
%

% Written by: Dr Bob Ashton, modified by Brad Stallings

% Last mod: April 2001

%******************************************************************

timen=[timen’ time'];

vesn=[vesn' ves' ];

ilsn=[ilsn" ils"];

leg=length(timen);

from=13000;

subplot(2,1,1);
plot(timen(from:leg),ilsn(from:leg));
title(CAPACITOR VOLTAGE);
axis([0.18 0.26 385 415])
subplot(2,1,2);
plot(timen(from:leg),ilsn(from:leg));
title(INDUCTOR CURRENT?);
axis([0.18 0.26 0 35])
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APPENDIX C. PARTSLIST

A. BUCK CHOPPER PARTS LIST

The table below provides a list of the major part requirements in the dc-dc

converter.

Number Required Manufacturer Cost Unit of Lead Time
and Part/Stock Issue
number
1-IGBT Semikron $177.70 | EA 4-6 weeks
SKM100GB124D
1-1GBT Driver Board | Semikron $51.25 EA 10 days
SKI-10/17
1-60u Toroid Group Arnold $127.86 | EA 7 weeks
A-125112-2
1-147u Toroid Group Arnold $175.04 | EA 7 weeks
A-158304-2
1-18-Pin PWM chip Digikey $5.28 EA 6 weeks
296-2508-5-ND (Verify it is not surface

mounted)
2-CLN-50 Current Allied Electronics Inc. $28.00 EA 10 weeks
Sensor CLN-50 (Made by F.W. Bell)
2-Capacitor Newark $43.08 EA 2 weeks
(1000pF/450V)
CGH102T450V3L
2-Capacitor Allied Electronics Inc. $19.41 EA 10 weeks
(1000pF/350V) (Made by Mallory
857-0310
2-l1so-Amplifier Allied Electronics Inc. $99.81 EA 10 weeks

(AD-215) 630-8042

(Made by Analog Device)
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Number Required Manufacturer Cost Unit of Lead Time
and Part/Stock Issue

number

1-Low Power AC-DC | Newark $50.00 EA 2 weeks
Switches 92F5324

1-Rack Mount Chassis | Newark $92.26 EA 2 weeks

(17"x19"x10.5")
90F6954

B. CONTROL CARD PARTS LIST

Part Description/Value Number Required
Resistor 10kQ *

Resistor 55kQ 1

Resistor 4.7kQ 1

Resistor 150kQ 1

Resistor 20kQ 1

Zener Diode AIN827 or 1N5234/6.2V 2

Capacitor 0.1pF (50Vyc) 3

Op-Amp LF347 quad op-amp 1

Jumper Wire 1

* All resistors are 1/4 watt
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C. PROTECTION CIRCUITRY PARTS LIST

Part Description/Value Number Required
Resistor 4.7kQ * 1
Resistor 10kQ 8
Resistor 27kQ 1
Resistor 100kQ 1
Resistor 20kQ 1
Resistor 30kQ 3
Resistor 100kQ 1
Resistor 300Q 1
Resistor 4.3kQ 1
Capacitor 0.47uF (50V¢c) 1
Capacitor 0.1pF (50Vyc) 5
Capacitor 1.0pF (50Vgc) 1
Capacitor/electrolytic 10.0pF (25Vqc) 1
Gate CD4071/quad OR gate 1
OP-Amp MC1458 1
Transistor 2N2222A 3

* All resistors are 1/4 watt
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D. PWM CIRCUIT PARTS LIST

Part Description/Value Number Required
Resistor 470Q * 1
Resistor 4.7kQ 1
Resistor 1.8kQ 1
Resistor 9.1kQ 1
Resistor 27kQ 1
Resistor 13kQ 1
Resistor 5.6kQ 1
Capacitor 0.047uF (50Vqc) 1
Capacitor 0.47uF (50V¢c) 2
Capacitor 0.1pF (50Vqc) 2
Capacitor 2200pF (50V4c) 1
Capacitor 1.0pF (50V¢) 1
Capacitor 0.22uF (50V¢c) 1
Zener Diode IN5240B/10V 2
Diode 1N4148 2
PWM Chip UC3637 or UC1637 1

* All resistors are 1/4 watt
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E. POWER SUPPLIES

Part

Description/Value

Number Required

Capacitor (electrolytic)

2200 pF (50Vc)

Capacitor (ceramic)

0.1 YF, (25Vgo)

Diode (line frequency)

1N4003

Voltage regulator

LM 7815 (+15V)

Voltage regulator

LM 7915 (-15V)

Transformer

36 Vct, 1Amp

4
2
4
1
1
1

F. VOLTAGE SENSING CIRCUIT

Part Description/Value Number Required
Resistor 2.7kQ, 2w 2
Zener Diode 1IN5240B/10V 2

G. CURRENT SENSOR BOARDS PARTS LIST

Part Description/Value Number Required
Resistor 200Q, 1/4W 2
Current sensor CL-50 2
Twisted pair wire yellow/ -15V 2
brown/ground 8
orange/output 2
red/+15V 2
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H. BUFFER STAGE

Part Description/Value Number Required
Resistor 3.6kQ, 1/4W 4

Capacitor 2200pF (50Vgc) 4

Capacitor 0.1pF (50Vqc) 2

Op-Amp LF324/quad op-amp 1

Jumper wire 1

l. FRONT/REAR PANEL PARTS LIST

Part Description/Value Number Required
Fuse Holder 125V-3A 1

Fuse Holder 600V-30A 1

Fan Cover 4.7" Globe Accessories 2

Range Plug 250V-30A 1

Plug Male 115V-1A 1

Front Panel Meters 20V/2mA 2

Light Emitting Diode 1mA 4

BNC Connectors 75Q 5

Potentiometer 1-kQ 1

J. MISCELLANEOUS

Part Description/Value Number Required
Power Supply 5V Part #(48818) 1
(For digital meters) manufacturer (KEPCO)

Thermistor Switch

70°C/15V Part #(317-1019-
ND) from Digikey

166




A. ANALOG CONTROLLER PRINTED CIRCUIT BOARD DATA

APPENDIX D. EASYTRAX LAYOUTS/DATA

This section is divided into a component parts listing, an EASYTRAX PCB

netlist, and a Printed Circuit Board (PCB) and sensor board component overlay.

1.
Q3
TO-39

Q2
TO-39

Q1
TO-39

R208Z
AXIALO.3

DA201
DIODEO.4

DA101
DIODEO.4

RA201
AXIALO.4

RA101
AXIALO.4

RJ303
AXIALO.4

J1I0AC
BLOCKA4

JOVS
BLOCKA4

RJ204
AXIALO.4

uspP
TO-220

UIN
TO-220

C803A
RADO.2

C316
RADO.2

C501
RADO.2

R505
AXIALO.4

R502
AXIALO.4

R506
AXIALO.4

R509
AXIALO.4

R501
AXIALO.4

Component List Main PCB Board

D317
DIODEO.4

D301
DIODEO.4

D311
DIODEO.4

C702
RADO.2

C317
RADO.2

C302
RADO.2

C311
RADO.2

C301
RADO.2

C313
RADO.2

R301
AXIALO.4

R318
AXIALO.4
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R316A
AXIALO.4

R316B
AXIALO.4

R702
AXIALO.4

R704
AXIALO.4

R313G
AXIALO.4

R511Q
AXIALO.4

D902B
DIODEO.4

D801B
DIODEO.4

D902A
DIODEO.4

D801A
DIODEO.4

Ul
DIP14
LF347

U5
DIP14
4071

U2
DIP14
LM324

u7
DIP8
LM311

U3
DIP18
UC3637

C604
RADO.2

C608
RADO.2

C204
RADO.2

C211
RADO.2

C104
RADO.2

Cl11
RADO.2



C306
RADO.2

C704
RADO.2

C708
RADO.2

C514
RADO.2

C305
RADO.2

R212
AXIALO.4

R210
AXIALO.4

R205
AXIALO.4

R203
AXIALO.4

C205
RADO.2

C212
RADO.2

C210
RADO.2

C203
RADO.2

R110
AXIALO.4

R113B
AXIALO.4

R101
AXIALO.4

R102A
AXIALO.4

R313
AXIALO.4

R106
AXIALO.4

R113C
AXIALO.4

R102B
AXIALO.4

R109
AXIALO.4

R110G
AXIALO.4

R108
AXIALO.4

R114
AXIALO.4

R112G
AXIALO.4

D106
DIODEO.4

D107
DIODEO.4

C107
RADO.2

R606
AXIALO.4

R112
AXIALO.4

C903B
RB.2/.4

C803B
RB.2/.4

C801
RB.3/.6

C902
RB.3/.6

C903A
RADO.2
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R607
AXIALO.4

R603H
AXIALO.4

R603
AXIALO.4

u6
DIP8

C603
RADO.2

A2VO
AD215

J2FP
DB15RA/
M

R504
AXIALO.4

R503
AXIALO.4

RQ2J2
AXIALO.4

RQ3J2
AXIALO.4

J1CS

DB15RA/F

AlVI
AD215

J3DR
IDC14

JADR
BNC2

SW1
DIP8

J5VO
BNC2

JoVI
BNC2

J710
BNC2

J8IL
BNC2

R114Z
AXIALO.3

R113
AXIALO.5



2.

NET1
Q3-C
RQ3J2-2

NET2
Q3-B
R504-2

NET3
Q2-C
RQ2J2-2

NET4
Q2-B
R503-2

NETS
Q1-C
R603-2
uU6-3
C603-2

NET6
Q1-B
R511Q-1

NET7
R208Z-1
u2-9
u2-8
uU3-12
R110-1

NET8
R208Z-2
J8IL-1

NET9
DA201-A
RA201-2
JOVS-2
A2VO-2

PCB Net List

NET10
DA201-K
RA201-1
JOVS-1
A2VO-1

NET11
DA101-A
RA101-2
JOVS-4
AlVI-2

NET12
DA101-K
RA101-1
JOVS-3
AlVI-1

NET13
RJ303-1
J3DR-3

NET14
RJ303-2
RJ204-2
UsgP-O
C803A-1
C501-2
R506-2
R301-1
ul-4
Us-14
u2-4
u7-8
U3-6
C608-1
C204-1
C104-1
C306-2
C708-2
C514-1
R313-1
C803B-P

R603H-1
uU6-8
A2V0O-42
J2FP-12
J2FP-11
J2FP-3
J1CS-11
J1CS-3
AlV1-42
J3DR-9
J3DR-8

NET15
J10AC-1
D902A-K
D801A-A

NET16
J10AC-4
D902B-K
D801B-A

NET17
RJ204-1
J2FP-4

NET18
U8P-1
D801B-K
D801A-K
C801-P

NET19
UIN-O
C316-2
R318-2
R316A-2
R704-1
ul-11
U2-11
ur-4
U3-5
C604-2
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C211-2
C111-2
C704-2
C305-2
C903B-N
C903A-1
u6-4
A2V0O-44
J1CS-10
J1CS-2
AlVI-44

NET20
C501-1
R501-1
Us-1

J1CS-1

NET21
R505-2
uUs-5
J2FP-15

NET22
R502-1
U5-2

J2FP-6

NET23
R506-1
U5-6
u7-7

NET24
R509-1
uU5-9
U5-8

NET25
D317-A
C317-2
u7-3
us3-17

NET26
D317-K
C317-1
R316A-1
R316B-1
U3-16

NET27
D301-K
C301-2
R301-2
Us3-1

NET28
D311-K
C311-2
u3-11
uU3-9
R113-2

NET29
C702-2
R702-2
R704-2
ur-2

NET30
C302-2
U3-10
U3-8
uU3-2

NET31
C313-1
R313G-1
U3-13
R313-2

NET32
R318-1
U3-18



NET33
R316B-2
U2-14
U2-13
R109-1
J710-1

NET34
R511Q-2
U5-11
Us-14
J3DR-4

NET35
ul-1

R101-2
R106-2
R112-1

NET36
uU1-2
R101-1
R102A-2
R102B-2

NET37
Ul-6
R106-1
D106-A
C107-1

NET38
ul1-7
R113C-2
D107-A
C107-2

NET39
uU1-8

R113B-2
R108-1

NET40
Ul1-9

R109-2
R108-2

NET41
U1-10
R110-2
R110G-1

NET42
u1-12
R112G-1
R112-2

NET43
U1-13
R113B-1
R113C-1
R114-1

NET44
Ul-14
R114-2
R114Z-2

NET45
U5-13
U5-3
J2FP-7
R503-1

NET46
U5-12
us-4
J2FP-8

R504-1

NET47
U2-12

R212-2
C212-2

NET48
U2-10

R210-2
C210-2

NET49
u2-7
U2-6
J6VI-1

NETS0
u2-5

R205-2
C205-1

NET51
u2-3

R203-2
C203-2

NETS2
u2-2
u2-1
R102A-1
J5VO-1

NET53
us3-4
SW1-23A

NETS54
R212-1
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J1CS-4

NETS5
R210-1
J1CS-5

NETS6
R205-1
AlVI-38

NETS7
R203-1
A2V0O-38

NETS8
R102B-1
R607-1
u6-7

NETS9
D106-K
D107-K

NET60
R606-2
uU6-2
u6-1

NET61
R606-1
R607-2
U6-6

NET62

R603H-2
J2FP-9

NET63

R603-1
J2FP-10

NET64
A2VO-4
A2VO-3

NET65
J2FP-14
RQ3J2-1

NET66
J2FP-5
RQ2J2-1

NET67
AlVI-4
AlVI-3

NET68
J3DR-2
SW1-23B
SW1-1B

NET69
JADR-1
SW1-1A
SW1-2A

NET70
SW1-3B
SW1-2B
R113-1

NET71
SW1-3A
R114Z-1



Figure D-1, PCB Layout.
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Figure D-2, Current Sensor Board Overlay.
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APPENDIX E. dSPACE PROCEDURES

The SIMULINK model is created first, using the general math blocks from the

SIMULINK library. Each functional block will be discussed. The following figure

shows the software-only simulation structure.

InductCurrent r’
—» LoadCurrent Duty Cycle InductorCurrent
—P»| InductorCurrent DutyCycle Duty Cycle Vout P I:l
Vout
LoadCurrent ot
ControllerAverage I_’ |:|
BuckChopperAverage
LoadCurrent
Figure E-1.

The Controller Average and BuckChopperAverage subsystem blocks have been

uniquely derived and can be found in the SIMULINK signals and systems library.

Double-clicking on the subsystem block exposes its contents. The following figure

displays the Controller Average subsystem.
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1) P X
LoadCurrent -
5 B
R vout1
{2 P x
InductorCurrent 5 = e

_/‘ -

V ref 0-4v 1
3 - S "N >
DutyCycle
Vout . Integrator ey
100 P+
vout3d p| 017
Figure E-2.

The input and output bubbles are found in the SIMULINK signals and systems

library. They are used to create the higher-level input and output connections. The

contents of the BuckChopperAverage subsystem are shown below.

500 P
1
Supply Voltage
PRY g X o InductCurrent
X = Ax+BuU _’ Demux
y = Cx+Du
. » State-Space
Duty Cycle Vout
Demux
X
Rl
LoadCurrent
LoadResistance
Figure E-3.
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This is the state-space-averaged mathematical model for the buck chopper and
utilizes the averaged inductor current and the averaged output capacitor voltage as state
variables. The following figure shows the same system with a dASPACE PWM output
block found in the SIMULINK dSPACE library.

InductCurrent

—Pp»{ LoadCurrent
—P»| InductorCurrent DutyCycle P Duty Cycle Vout
P Vout
LoadCurrent —
ControllerAverage
BuckChopperAverage

—p»{ Duty cycle 1
) Duty cycle 2
2| Duty cycle 3

3| Duty cycle 4

DS1103SL_DSP_PWM

Figure E-4.
This model allows the evaluation of the PWM output waveform without

connecting hardware. For further interfacing, the following models were created to

connect hardware and software models in dSPACE.
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InductCurrent —b}—} 4 DAC

DS1103DAC_C1

ADC Pl Duty Cycle Vout——w] 0.01 A DAC

i

DS1103ADC_C17 DS1103DAC C2

LoadCurrent —’>—’>_’ DAC

DS1103DAC_C3

BuckChopper

Figure E-5.

The ADC and DAC blocks are found in the SIMULINK dSPACE library. The
input ADC can accept a signal ranging from 0 to 10 volts from the hardware controller.
The dSPACE ADC will automatically scale the signal by 0.1. Since a 0 to 1 volt input is
required for the duty cycle, an additional scaling gain was not required. On the output,
the dSPACE ADC automatically scales the signal by 10.0. Hence, a 0.10 gain block was
added to each output to maintain proper scaling. The other gain scaling blocks are due to
the actual model. The numbers on each of the ADC/DAC blocks correspond to the
dSPACE i/o board. The C17 corresponds to ADCH17. The C1, C2, and C3 refer to
DACH1, 2, and 3, respectively. [see Reference Manual page 91]

ADG | 10

DS1103ADC_C17 Gain
LoadCurrent
ADC —’>—b InductorCurrent DutyCycle ———P»] DAC
DS1103ADC_CA8 Gain’ Yot DS1103DAC_C1
Controller

ADGC Ll 0

DS1103ADC_C19 Gain2

Figure E-6.
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This model connects a hardware buck chopper to a software controller. The

output from the software is a duty cycle to be fed into a PWM chip, which is then fed into

the hardware buck chopper.

ADC —p| 10

DS1103ADC_C17 Gain L sadCutrant
ADC —’}—} InductorCurrent DutyCycle —» Duty cycle 1
DS1103ADC_C18 Gain1 Vout 3 Duty cycle 2
e i ControllerDetailed 3| Duty cycle 3
A Duty cycle 4

DS1103ADC_C19 Gain2

DS1103SL_DSP_PWM

Figure E-7.

The model above only differs from the previous model in that the PWM signal is

generated in software as opposed to hardware. As a result, the output from this model is

a PWM waveform.
Once the model was built in SIMULINK, it was necessary to transform the model

into a dSPACE readable file. First the component values (used in all previous models)

were entered in the MATLAB command window, as shown below.
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<) MATLAB Command Window

Eile Edit “iew ‘wWindow Help

@ s =)o 8B w2 |
> R=20808

H =
2848

I}} C=488e-6

4.0000e-00Y

» L=1e-3
B

A.68818

Figure E-8.

The next step was to compile the model in SIMULINK. The following figures
show the menu options used to compile the SIMULINK model.

elpwin, helpdesk, or demo.

LRl =] BRSysPwM B=l

51 g Simulink
- B Communications Blockset
- Control System Tookox

v Hormal

Te =o» o

- W DS_TALIE
- T DSP Blockset L Extemnal Duty Cyele Inducte Cumrent
4 T Power System Blockset ument Dty Cycle Cycle e
| dSPACE RTIT03 ot e i
& I RealTime Werkshop Controllsshwerags
B Stateflow BuckChopperAverage
- B Simulink Exiras LsadCunent

L p{ Dty oyele 1
Duty oyele 2

Duty syele 3

Duty cyecle 4

DS11035L_DSP_PINM

Thiz is the simulink library

|

Show the simulation parameters dialog ooz | I loded

Figure E-9.
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The first step is to select the simulation menu and open the parameters option.
This brings up the following figure.

° ) MATLAB Commiand Window

Fle Edt Yiew ‘window Help
D  =e(- | m8n7

To get started, type one of these: helpwin, helpdesk, or demo.
[ Simulink Library Browser TP 0 | G =7 5 S Pwi 5 =] T
o=l Fle Edi View Simuletion Fomat Tools
c 5.3. =
- ] Simuink IDle@alsm=e[s <l =@
R | - B Communications Blockset SUURERN 4 | Simulation Parameters: BkSysPwWM [_[T]x]
|| & Bl Control System Tookos ? f’@
M. B 0s_TaLE rarie Snlverl WUrkSDaCEI/Ul Dlagnusu:sl HEa\—T\mEWDlehUDl etCumant
: InductaiCunent
| o B DSP Blockset Simulation time = [
gy B Power System Blockset o s [00 o i3
it fime: op time
- dSPACE RTITI03 adCumert voul
- B Real-Time Workshop Salver optiors:
i Puarage
W Statsfion Type: [Fuedtsiep =] [oded [RungeKutta) =l Ry
W Simulink Extras
Fised step size: [ 105 Mode: [4uto =
Output options:
Refine output | HEe imer] |
oK Cancel Help Al
This is the "simulink3’ library i
Ready 100% I oded 7

Figure E-10.

At this point the user can enter the simulation parameters. A time step of 1e-5
was selected (smaller values were not possible) and the Runge-Kutta Fixed-step

algorithm employed. Next the real-time workshop tab is selected. The following figure
is displayed.
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Figure E-11

The next step is to compile the SIMULINK model. In this step rti1103.tlc is
entered for the target file, rti1103.tmt is entered for the template make file, and make_rti
for the make command. The next step is to click the build button, bringing up the screen

contained in the figure on the following page. This screen shows the results of the build
process.
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File Edt Wiew Mindow Help
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b» R=288

288
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Warning: Input port 2 of block ‘BKSysPWM/DS1183SL D3P _PUH' is not connected.
Warning: Input port 3 of block 'BKSysPUM/DS11835L_DSP_PWHM' is not connected.
Warning: Input port 4 of block 'BKSysPUM/DS1183SL DSP_PUH' is not connected.
#itt Invoking Target Language Compiler on BESysPWH.rtw

Hitht BRSysPWHM.mk which is generated from rti1182.tmf is up to date

fit#t Building BkSysPWM: dsmake -f BkSysPWM.mk WORKIHGBOARD=ds1183

[(BUILDING PROGRAM (Single Timer Task Hode)

gBUILD DIRECTORY “C:\MATLABR11\work"
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?LINHIHG PROGRAM ...
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ILOADING PROGRAM "BKSysPWHM.ppc" ...
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?MHHE PROCESS SUGCCEEDED
Eﬂ#ﬂ Successful completion of Real-Time Workshop build procedure for model: BKSysPWH

l#*% Finished RTI build procedure for model BKSysPUH

Figure E-12.
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Once the model has been built for dASPACE, it needs to be loaded into dSPACE.

The following figure displays a dSPACE window once it has been opened.

%7 ControlDesk

|[CortiolDesk: Tnitializing Instrumentation Component
Initializing Pythorlnterpreter, Component
Iniislizing FeferenceData Comparent
Initializing SCOUT.Camponent
Establishing the cannection.
Connecting to the bus .

complete

Initializing &ppServerManager. Camponent
Initializing TreParser. Companent

Figure E-13.

Once dSPACE is open, it is necessary to activate the navigator. The following
figure shows that this command is located under the view menu.
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ContiolDesk

Figure E-14.

Once the navigator has been activated, it is necessary to click on the Hardware
tab to find the file that was built from SIMULINK. The following figure shows the file
highlighted (BKsyspwm.ppc).

# S

Tritializing Instrumentatian.Campare

Initializing Pythorinterpreter, Camponent

Initalizing ReferenceD ata Component

Iritializing SCOUT. Campanent

Establishing the connection.

Connecting to the bus

... completed.

Initalizing AppS erveri anager. Campanent
ontiolDesk: Initializing TrcParser.Component
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The file, which now has a .ppc extension on it, must be dragged to the ds1103
icon. The next figure is then displayed.

Buckave.ppc
CHlave.ppe
CHipwm ppe

Hardware

Figure E-16.

Answer this question by clicking yes. The following figure displays the next
screen that comes up.
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\matiabri Tworkibksyspym tre /-

‘Figure E-17.

The navigator windows have been closed in this figure. The model that was built
will be shown on the fourth tab at the bottom of the white space. At this point, it is time
to either create a layout file or open an existing one. Initially the steps for opening an
existing layout file will be documented. As the next figure shows, the first step to open
an existing layout file is to go to the file menu and click open, then highlight layout
selection. This will display a list of the layout files that have been created. The layout
file called BkChSys.lay was then selected.
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apouts [ lay]

Figure E-18.

This file was opened and the following screen appeared.
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i e Controllerverage B B:Demus>0utl Floateeek.
B Task Info Br B.Demun>0u2 Floztlsesh
BF B Inductor Floatleseh
B BLoadResistance Floatiesst
B
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| TSR Cog viswer . tepreer J, Refertice Data Mtger ), ¢-uatiabr morkibks epum. e

T = o FEEnl e s

@fnanj & Microsoft Photo Editor ] 2 ControlDesk - BKChSys @M‘? ﬁ_p TAPM
Figure E-19.

This layout screen shows four gauges and a slider. The gauges show specific
outputs and the slider controls an input. In order to make a gauge or slider link to the
model, it is necessary to drop the desired input/output onto the gauge or slider display.

The following figure shows three gauges that have been linked to the model.
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10lDesk - BKChSys

Hardwars Paramter Edior Window  Help

1! BKChSys

%V ARIABLEY:

B:BuckChopperAverage->Yout s B:BuckChopperAverage-~induetCurrent

B:BuckChopperaverage-~LoadCurrent g %V ARABLEY:

=1 EEya—— | Maiiable

BuckChoppeidverags
- Controllerberage

# SiLoadCurrent
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TR Loy viewer A interpreter }, Reference Data banager b c-\matiabr1Tworkibksys pum.tro /

B

i start| g Miciosoit Photo Editr (0. [ ControlDesk - BEChSys

e

Figure E-20.

The fourth gauge will be linked once the highlighted duty cycle element is placed
on the gauge itself. Once all the gauges and the slider are linked to the model, the screen
will appear as it does in the following figure.

Now we are ready to activate the hardware connection. Once the i/o board is
properly hooked up, the hardware connection needs to be refreshed. The following figure
shows that under the hardware menu, select the initialization option, and then choose

refresh hardware connection.
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ontrolDesk - BkChSys |- [5]x]

File Edt View Tool Instumentation Egperiment Parameter Editor Window  Help
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Set Working Board
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[ 2 Begister
Applcation ¥ 8 Register MP
Slave Application v

Clear System

B:BuckChopperaAverage->LoadCurrent B:ControllerAverage-=DutyCycle

_—’le = Bsyspim Variable | Type eS|
m = - Model Root +o P:Gtate-Space C1) Floatleseh
| - BuckChoppetéverage 0 PiState-Space.C[2) Flostleet.
[ Contrallertverage  PState-Space =0 Floatlzeek,
| e PLoadesitancealus Floatlcesh
| s P.CapacitorValue Floatliesek
s PoInductor Value FloatleeeE
2 P:Supply Voltage Value FloatleeeE

1T 15T Log Viewer A Wnterpreter A, Reference Data Manager i, c-Amatiabr1 tre /-

Refieshes the current hardware connection

Hstart| G Moo ProtoEdter [[E@ ControlDesk - BKChSys WS 1M
Figure E-21.

Next it is time to load the application. The following figure shows that the load

command is under the application submenu of the hardware menu.
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IDesk - BKChSys
Fle Edt View Tools Instumentation Experiment

B:BuckChopper Average->Vout

Change Connection
Set Waiking Board

Parameter Editor Window  Help

B:BuckChopperAverage->InductCurrent

Figurfé"E'-'.Zé.‘

Once the Load Application has been selected, the following screen will appear as

in the figure below.

Experiment

Hardware  Parameter Editor  Window  Help

Fle Edi View Took In :

B:BuckChopperAverage-=Vout

L T A ||
Eraaemm e =)

[#] BkSpsve. ppe
<Ew/M.ppc

] Bucksve.ppc

=] Cllswe.poc

2] CUPWM ppc

Look Jn

B:BuckChopperAve:

File pane 5P

Files of type: | Object Cade for D51103 = ppe)

Figure E-23,
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The BkSysPWM.ppc application is selected. Next, activate animation mode. This

is located under the instrumentation menu as in the following figure.

ControlDesk - BkChSys

Import Data Connectians...
Export Data Connections

P:LoadResistance.Value

B:BuckChopperAverage-=Vout B:BuckChopperAverage-=inductCurrent

o

' Ifigure' E-24.

B:BuckChopperAverage-»LoadCurrent |8 B:ControllerAveragy

Once animation mode is selected, the hardware is energized. The following

figure shows the activated control desk.
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Info
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“Figure E-25.

The above figure shows the slider at about 73. This corresponds to a load
resistance of 73 Ohms. The duty cycle gauge is at 0.8, the output voltage gauge is at 400
Volts, the inductor current gauge is just over 5 Amps, and the load current is just over 5
Amps. From this screen the load resistance is adjusted real-time by moving the slider bar
up and down.

Once a particular simulation is completed, it is necessary to deactivate the desktop
and stop the real-time application. The following figure shows that the edit mode
selection is under the instrumentation menu.

After edit mode has been selected, the hardware menu is accessed, the application
submenu selected, and then the stop real-time processor tab is picked. The figure that
follows the edit mode selection shows how the processor is disabled.
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Figure E-26.

Above is Edit Mode. Below is Stop Real Time Application.

File Edit ¥iew Tools Instrumeniation Experiment

Parometer Editor  Window  Help

DEH|tme | otc b2 K]
e e

Change Connection
Set Working Board

el o e |7 2

{ B2 Propertiss
Chidrige AnteB o) Dire o1y

FEETrErEEE T

B:BuckChopperAverage->Wout

B:BuckChopperAverage-:

Initialization
 Applicati
Slave Application

‘%8 Load Application.
¥ b Gler Feal Time Frooessor

B:BuckChopperAverage.

ontrolleraverage.

=lofx]

vanishle

S bksveave

Figure E-27
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The next set of figures show how to build a layout from scratch. The first step is

to open a new file: select layout extension. The following figure shows the menu.

Figure E-28.

Once this has been selected, the screen in the following figure should appear.

ontiolD esk - Layout]

** Model Root finalT ime
Task Info curentTime
modsiStepSize
simState
erohlumber

atabriworkibksyspum.trc

Figure 29.
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Now it is time to select the control desk input and output displays. First select a
gauge from the right side of the desktop. Double-click on the display desired, then move
the cursor to the place on the desktop where the left top corner of the display is desired.
Next, click the mouse button and then drag down and to the right to change the size of the

display. The following figure shows a gauge that has been created in the above manner.

&7 ContiolDesk - Layoutl
Fle Edt iew Tooks [nstumentation Expeiiment Haidware ParemeterEditor Window Help

DEH s BB -7 R]
Aslveivn|naswn|@-sRWEEEr 7 a5
S i

st B =0 n%E|[Ees]s%]2 X

&7 Layoutl =

dSPACE
or

A

%V ARIABLEY:

:’:Il = bkapspum [ Type |
B Model Aoot Floatleest.
Task Info FloatleseE:.
epSice Floatlese6d
simState Int32
eroumber Ulnt32
Sl F e, Loa viewer A intemreter A Reference Dafa Manager j, cimatiabritworkibhsyspymtrc /
For Help. press F1 EDIT 12/06/00 [13:26
#histan| (g Micosot ProtoEdir |[F ConwaiDesk - Layoutt G B 126PM

Figure E-30.

A slider may be added by following the same procedure as for the gauge. The

following figure illustrates a slider.
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Figure E-31.

In order to change the display options for the slider gauge, the user must double
click on the slider. The following figure illustrates the options that are displayed when

the slider is double-clicked.

Slider_3 Properties

Background

] Border
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Standard min/

g m
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Tachometer (1pm]

i

Captions

Slider ] Indicators 1 Bands ] Tics

|
1

0K i EanceIJ

"WV ARIABLE%:
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Upon the completion of dSPACE troubleshooting, the dSSPACE model was

executed with a hardware controller output load resistance of 200 ohms.

P:LoadResistance.Value

=200
:1 a0
:1 a0
:1 70
B:BuckChopperfaverage->vWout B:BuckChopperaverage->IinductCurrent T e
:1 a0
:1 40
:1 _30
:1 20
:1 10
:1 an
Zan
=11
- 70
- B0
- =0
=40
: 2 30
B:BuckChopperAverage-~LoadCurrent B:Controller Average-~DutyCycle _ a0

Figure E-33.

Next the load resistance was set to 20 Ohms and the model executed. The
following figure shows the output on the dSPACE control desk.
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P:LoadResistance.Value:

— 200
:190
1180
:1?0
B:BuckChopperAverage->vout B:BuckChopperaverage--InductCurrent :1 s
:150
:140
:130
1120
:110
11DD
2 a0
- &0
= A
- B0
=5l
— 40

=30
B:BuckChopperAverage--LoadCurrent B:Controller Average->DutyCycle : — a0

Figure E-34.

Finally, the resistance was set to 40 Ohms and the model executed. The figure on

the following page shows the dSPACE results.
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P:LoadResistance.Value

=200
=140
=180

=170
B:BuckChopper Average->vout B:BuckChopperaverage->IinductCurrent =

—160;
:150
1140
:130
:120
:110
:1EID
L Q0
G a0
i 70
5 =1
& a0
= 40
& 30
B:BuckChopperaverage->LoadCurrent B:ControllerAverage->DutyCycle i 30

Figure E-35.

The dSPACE controller board is fully described in Reference [24]. When
hooking up dSPACE to hardware, ensure the control signals are powered up first then
power can be applied to the control circuitry.

In summary, dSPACE has facilitated the testing of a hardware controller prior to
the completion of the buck chopper power section. A SIMULINK model was created for
a buck chopper and then compiled to run in dSPACE. The dSPACE environment was
then entered and a control desk created to enable the control of load resistance of our
model. Once the dSPACE buck chopper was interfaced with the hardware controller, via
the dSPACE i/o board, the stability of the controller was accessed. As the above results
show, the controller is stable between 20 and 200 Ohms of load resistance. It outputs 400

Volts and has an 80% duty cycle.
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